Wintertime cloud systems over the Colorado Rockies: three case studues by Lee, Robert Ray. & Grant, Lewis O.
Wintertime Cloud Systems over the 
Colorado Rockies: Three Case Studies 
by 
Robert Ray Lee 
Department of Atmospheric Science 
Colorado State University 
Fort Collins, Colorado 
WINTERTIME CLOUD SYSTEMS OVER THE 
COLORADO ROCKIES: THREE CASE STUDIES 
By 
Robert Ray Lee 
This report was prepared with support provided by 
National Science Foundation Grant ATM-7819261 
Principal Investigator, Lewis O. Grant 
Department of Atmospheric Science 
Colorado State University 
Fort Collins, Colorado 
December 1980 
Atmospheric Science Paper No. 331 
ABSTRACT OF THESIS 
WINTERTIME CLOUD SYSTEMS OVER THE COLORADO ROCKIES: THREE CASE STUDIES 
This study focuses upon the mechanisms by which mountains and 
synoptic weather systems interact to produce characteristic orographic 
cloud systems. In each of the three case studies, a synoptic cloud 
component, an orographic cloud component, and a convective cloud compo-
nent were identified through the analysis of rawinsonde data, vertically 
pointing radar data, and visual observations. 
The following are considered to be the major findings of this 
study: i) wintertime cloud systems over the Colorado Rockies form by 
vertical velocit.y components which act on different size and time scales 
(synoptic, orographic, and convective); ii) at times, a [Q1,rth cloud 
component~ generated by the mesoscale structure of the synoptic distur-
bance (e.g., travelling gravity "(.;rave, moving convective bands, or organ-
ized convective lines, etc.) invigorates the entire cloud system, 
iii~ upwind blocking is very important to the orographic lift and the 
lifted cloud system; iv) the deduced cloud is very sensitive to the 
lifting model and the upwind profiles of temperature and moisture; and 
v) synoptic storm tracks, travelling mesoscale phenomena, large scale 
vorticity, moisture and temperature advection, synoptic and topographic 
forcing of wind direction and speed, verticnl structure of temper;'!.ture 
and moisture, cold air pooling, nocturnal valley inversions, blocking, 
and stagnation all constitute controls on orographic cloud systems. 
The timing and interaction of the above physical processes deter-
mine the formation and behavior of the complete cloud system and define 
iii 
how the local mountain terrain and environment interact with synoptic 
weather patterns to produce each characteristic orographic cloud system 
and the accompanying precipitation. 
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CHAPTER I INTRODUCTION 
The formation of many orographic cloud systems can be attributed 
to the passage of synoptic scale migratory waves. These atmospheric 
disturbances provide the moisture and circulation, when sufficiently 
forced by the mountains, to form this type of cloud system. This is 
especially true of continental orographic cloud systems which play a 
significant role in establishing the winter snowpack in the Colorado 
Rocky Mountain region. 
Precipitation in mountainous terrain can be thought of as being 
made up of three components: (a) the synoptic precipitation component, 
(b) the orographic precipitation component, and (c) the convective pre-
cipitation component. These three precipitation components are direct-
ly related to the vertical motion fields associated, respectively, with 
migratory waves, terrain lifting, and the local release of convective 
instability (Elliott, 1966; Rhea, 1972; Rhea, 1978). Visual observa-
tions by ~farwitz (1974), radar observations by Furman (1967), satellite 
observations by Reynolds and Morris (1978) and Morris (1979), and pre-
cipitation network analysis by Elliott and Hovind (1964) and Elliott 
and Schaffer (1962), point to the existence of precipitation components 
associaterl with each of these mechanisms. 
The economical importance of the winter snowpack to the Colorado 
Rocky Hountain region (e.g., ski industry, avalanche prediction, snow 
removal) calls for an understanding of how synoptic, migratory waves 
form different types of precipitating orographic cloud systems. This 
can be achieved by recognizing the fact that the characteristics of each 
cloud system are determined by a combination of the components as the 
synoptic scale disturbance passes. 
1 
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1.1 Obj ec t ives 
This study presents an analysis of three different orographic cloud 
systems which occurred during the winter months over the Park Range of 
northwest Colorado and attempts to understand the differences and simi-
larities in light of the structure and motion of each accompanying 
synoptic scale disturbance. 
PRIH.ARY OBJECTIVES 
Determine the principal mechanisms by which mountains and synoptic 
weather systems interact to produce characteristic orographic cloud 
systems. 
Analyze the synoptic, orographic, and convective components that 
comprise an orographic cloud system and identify the important physical 
processes which determine each. 
SECONDARY OBJECTIVES 
Develop analysis methods utilizing rawinsonde data taken in the 
vicinity of the target barrier which can be used to describe the synop-
tic, orographic and convective components of continental, winter, oro-
graphic cloud systems. 
Analyze the interrelationships between the various components of 
the orographic cloud system. 
Determine the degree of instability present within winter storm 
systems as they impinge upon the north,vestern Colorado Rockies. 
3 
1. 2 Literature Reviel;. 
Various vertical velocity components combine constructively and 
destructively to determine specific orographic cloud systems. Ultimate-
ly, the shape and track of the migratory wave has the major control 
over the cloud system that forms. 
Synoptic scale vertical velocity components, ~ 0.01 m/sec, are 
determined by differential vorticity advection and airmass lifting by 
frontal systems. An existing orographic cloud can be invigorated by 
the synoptic vertical velocity ahead of the upper atmospheric disturb-
ance or suppressed by subsidence behind the disturbance (Chappell, 1970; 
Rhea, 1972; Grant, et al., 1974; Rhea, 1978). 
Orographic vertical velocity components, ~ 0.3 m/sec, (stable air-
flow forced vertically by the topography) are the dominant components 
in that they provide a more persistent vertical velocity motion field 
in time. They are dependent upon airflm. direction and speed, moisture 
and mountain barrier shape and orientation (Schaffer, 1950; Scorer, 
1954; Myers, 1962; Rhea, 1972; Reid, 1976; Walsh, 1977; Rhea, 1978). 
Synoptic scale disturbances provide the moisture and forced airflow 
that induces the pure orographic cloud (Myers, 1962; Rhea, 1967; 
Grant, et al., 1968; Rhea, et al., 1969; Chappell, 1970; Grant, et a1., 
19/4; Cooper and Saunders, 1976; Plooster and Vardiman, 1976; Vardiman 
et al., 1976). The orographic cloud component of the cloud system may 
fluctuate slowly 1.n time or may remain relatively constant over a long 
period of time as long as the airflow and thermodynamic parameters do 
not change significantly. 
As a cloud system's stability decreases, the dynamics of the oro-
graphic airflow are changed. In the period before convection sets in, 
4 
it has been shown that the character of the orographic airflow depends 
upon the upwind airflow, topography, and stability (Corby, 1947; Queny, 
1947; Scorer, 1949, 1951, 1953a,b, 1954; Schaffer, 1950; Queny, et a1., 
1960; Sawyer, 1960; Elliott and Schaffer, 1962; Myers, 1962; Berkofsky, 
1964; Wallington, 1970; Willis, 1970; Orgill, 1971; Grant, et al., 1974; 
Mahrer and Pie1ke, 1975; Rhea, 1978). For broad mountains, half width 
>20 km, the height at which the orographic vertical velocity first 
becomes zero is proportional to one over the square root of the Scorer 
parameter (Willis, 1970). 
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By calculating Scorer parameters for typical winter airmasses which 
impinge upon the Colorado Rockies, Rhea (1978) sho~-led that the height 
at which the orographic vertical velocity first becomes zero is between 
2 to 3 1/2 times as far above the mountain ridge for cloudy air as for 
clear air over the Colorado Rockies. Therefore, even the presence of 
moisture within the stabily stratified air can change its flow charac-
teristics. When the cloud system becomes unstable and convection sets 
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in, the above airflow models break down and the convective component 
of the orographic cloud system establishes itself. The degree of in-
stability dictates whether the convective motions will remain embedded 
within the cloud system or if they will dominate the vertical velocity 
field. 
A convective vertical velocity component, > 1 m/sec, can be in-
duced and modified by thermodynamic stratification of the atmosphere, 
the orographic lift encountered, advective processes of thermodynamic 
variables, daily cycles of solar insolation, radiative losses, surface 
roughness, vegetation, snow cover, small to medium scale turbulent 
motions, wind shear, and microphysical processes (Orgill, 1971; Orgill, 
et aI., 1971; Derrickson, et aI., 1973; Nickerson, ~a1., 1976; Reid, 
1976; Reid, et aI., 1976; 1;Jalsh, 1977). Convection may be superimposed 
upon the orographic cloud and this instability can be caused by a com-
bination of destabilization by synoptic scale advective processes and 
airmass lifting by the topography (Scorer, 1953; Saucier, 1955; Hess, 
1959; Elliott and Schaffer, 1962; Hyers, 1962; Elliott and Hovind, 1964; 
Furman, 1967; Rhea, ~ a1., 1969; 1;vong and Kao, 1970; Rhea, 1972; 
Fraser, et aI., 1973; Grant, et aI., 1974; Harwitz, 1975; Harwitz, 
et al., 1976; Walsh, 1977; Reynolds and Morris, 1978). This component 
of the total cloud system is highly variable in time and space as 
temperature and moisture fields are advected into the cloud system and 
the air is lifted over the barrier (Elliott and Schaffer, 1962; Dept. 
of the Air Force, 1969; Fraser, ~ al., 1973; Vardiman, et al., 1976). 
The variability may occur with a diurnal cycle, a synoptic storm pro-
gression, or from storm to storm as each storm track, moisture content, 
6 
temperature structure, and source region vary (Rhea, et 0.1., 1969; 
Chappell, 1970; Orgill, 1971; Grant, ~ 0.1., 1974; Marwitz, et 0.1., 
1976; Walsh, 1977). 
The convective component of the orographic cloud system is impor-
tant because it can physically alter the shape, size, depth, dynamics, 
water contents, and microphysics of an otherwise stable system (Furman, 
1967; Smith, 1970; Walsh, 1977). The presence of convective motions 
can directly alter the cloud microphysical processes. Imbedded convec-
tive elements can generate secondary ice crystals by transporting 
crystals from higher levels, accumulating ice nuclei or crystals at a 
given cloud level, multiplying ice crystals, or by generating seed 
crystals which grow by aggregation as they fall through lower cloud 
layers (Chappell, 1970; Grant and Elliott, 1974; Hobbs, et al., 1976; 
Marwitz, ~ 0.1., 1976, Walsh, 1977). Previous research suggests that 
accretional, as well as diffusional, crystal growth are important during 
unstable cloud conditions while only diffusional growth may be important 
in many absolutely stable orographic clouds (Han-ritz, et al., 1976). 
Convective elements can penetrate to higher, colder levels where more 
ice nuclei can be activated and produce many more natural ice crystals 
(Grant, et 0.1., 1968; Rhea, et al., 1969; Smith, 1970; Grant and Elliott, 
1974; Grant, et al., 1974; Brown, et al., 1976). Ice crystal multipli-
cation processes such as; 1) fragmentation of individual cloud droplets 
dur ing freezing, 2) fragmentation of freezing droplets follO\ving their 
collision with ice particles, 3) mechanical breakup of delicate ice 
crystals due to thermal shock they receive when they collide with and 
nucleate supercooled droplets, 4) Hallett-Mossop multiplication mecha-
nisms, 5) mechanical fracturing of fragile crystals due to random 
7 
collisions associated with turbulent air motions or ordered collisions 
caused by a difference in terminal fall velocities between particles, 
and 6) rimed ice evaporating in sub-saturated air, can occur when con-
vective elements are present (Hobbs, 1969; Vardiman and Grant, 1972; 
Hallett and }lossop, 1974; Hess, 1974; Henmi and Grant, 1974; Aufender 
and Larson, 1976; Mossop, 1976; Hossop and Hishart, 1976; Vardiman, 
1976). The updrafts of convective elements are a source of cloud water 
and condensate that a stable orographic cloud would lack (Grant, et al., 
1968; Elliott, 1969; Grant, et al., 1974; Manvitz, 1975; Cooper and 
Saunders, 1976; Harwitz, et al., 1976). As the above microphysical 
mechanisms suggest, the presence of convective motions can significant-
ly alter the precipitation processes from those found in stable oro-
graphic clouds (Elliott and Schaffer, 1962; Elliott and Hovind, 1964; 
Grant, et al., 1965; Furman, 1967; Rhea, et al., 1969; Orgill, 1971; 
Grant, ~ al., 1974; Harwitz, et al., 1976; Rhea, 1978; Reynolds and 
Morris, 1978). 
In addition to altering the microphysical processes of the oro-
graphic cloud system, the convective component may also function as a 
transport mechanism for seeding material which is dispersed from ground-
based generators. This transport mechanism may be a help or a hindrance 
to successful cloud modification (Rhea, ~ al., 1969; Elliott, ~ al., 
1971; Marwitz, 1974, 1975; Cooper and Saunders, 1976). As is suggested 
above the presence or absence of the convective component strongly 
affects the potential for static and dynamic modification. A static 
modification potential may exist because of a difference between the 
condensate supply rate, and the ice growth rate within a cloud system. 
Evaporation also has an effect upon this modification potential. A 
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dynamic modification potential, on the other hand, may exist due to the 
fact that by treating a cloud system, an additional latent heat release 
may affect a change in the condensation rate by altering the vertical 
motion field (Elliott, 1966; Chappell, 1970; Elliott, et a1., 1971; 
Vardiman and Grant, 1972; Grant, et a1., 1974; Brown, et a1., 1976; 
Cooper and Saunders, 1976; Marwitz, 1976; Nickerson, et a1., 1976; Reid, 
1976; Vardiman, et a1., 1976; Rhea, 1978). 
These three vertical velocity components are important to the en-
tire cloud system in that they determine the physical processes which 
mayor may not operate within the system. These three components are 
generated by the movement, forcing, strength, temperature and moisture 
structure of the synoptic-scale disturbance. A detailed analysis of 
these various elements may lead to an understanding of the workings and 
interactions of the cloud system components which in turn determine each 
characteristic cloud system. 
1.3 Data Source 
In order to investigate the interaction of the orographic cloud 
system components and the control that the synoptic-scale migratory wave 
has upon the cloud system, case studies were designed to describe three 
different cloud systems and their accompanying atmospheric disturbances. 
Data collected during the Colorado State University Orographic Seeding 
Experiments (CaSE 1- January, February, March, 1979 and CaSE II -
November, December, 1979) conducted over the Park Range of northwestern 
Colorado, shape the basis for these case studies (see Figures 1 and 2). 
The specific objective of the CSU Orographic Seeding Experiments 




seeding materials, ii) to describe the dominant microphysical processes, 
and iii) to seek the availability of atmospheric covariates (predictors) 
needed for analyses of research and applied weather modification pro-
grams. Basic data were obtained from (a) simultaneous rawinsonde obser-
vations upwind and downwind of the main barrier (the downwind rawinsonde 
was available during CaSE II only), (b) observations with two aircraft 
equipped with cloud physics and state parameter packages (only one air-
craft during CaSE I), (c) vertically pointing Ku, K (CaSE II only), and 
X (CaSE II only) band radars, (d) ice crystal replicators at valley and 
mountain sites, (e) observations of atmospheric particulates and nuclei 
with Bigg-Harner and Hee ice nuclei counters, high volume and carbon 
cup (CaSE I only) samplers, and snow samples to obtain snow for chemical 
analysis, (f) observations of boundary layer turbulent structure with 
an acoustical sounder, (g) surface meteorological observations of wind, 
temperature, humidity, and precipitation at a minimum of seven valley 
and mountain sites. 
1.4 Data Used in Analysis 
The necessary data for the analysis of the case studies included: 
rawinsonde measurements used to determine the upwind and lifted cloud 
components, radar observations taken vertically at the upwind base of 
the ridge, and visual observations, taken from the surface and aircraft, 
that described each overall cloud system. Rawinsonde data was gathered 
with an RD-65 rawinsonde unit upwind of the main barrier at Craig (see 
Figure 2). The sounding data set was comprised of 71 soundings taken 
during caSE I and 62 soundings taken during caSE II. In general, 
balloons were launched as often as every three hours during storm 
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periods and less often between storm events, depending upon the local 
weather conditions and the type of experimental day declared, i.e., 
transport and diffusion or microphysical studies. All raw rawinsonde 
data were carefully checked and double-checked for analysis errors and 
then reduced by the Environmental Data Network System operated by the 
Water and Power Resources Service, formerly know~ as the Bureau of 
Reclamation (Polete, et al., 1977). The EDNS provides for various for-
mats of measured and derived meteorological parameters. For a general 
description of errors inherent in all rawinsonde data, see Air Weather 
Service (1955, 1974), Stringer (1972), and Wagner (1960a,b). The inher-
ent errors within the rawinsonde raw data set are acceptable in light 
of the analysis to be performed. 
The radar units consisted of a vertically pointing, .8 cm, K band 
radar provided to COSE II by the National Oceanice and Atmospheric 
Administration (NOAA) and a CSU vertically pointing Ku band, 1.8 cm, 
radar available during COSE I and COSE II. They were operated through-
out storm periods and were located at the base of the upwind edge of the 
main barrier just southeast of Steamboat Springs. The criteria used to 
specify "cloud" for both radars was that the power returned must be 
three standard deviations above the receiver noise which was determined 
separately. 
Cloud tops in the first and third case studies were determined from 
K band continuous fax strip chart data. Cloud top estimations from the 
fax data format were subject to reduction errors so the cloud tops could 
only be determined to the nearest 150 meters. Cloud top determinations 
for the second case study were determined from Ku band radar digital 
data. The resolution of the Ku radar analysis is 100 meters in the 
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vertical. A comparison of the two radar sets revealed that, in general, 
the K band radar was more sensitive and could detect smaller and fewer 
ice crystals than the Ku band radar. Therefore, the K band radar ob-
served cloud top approximately 200 meters higher than the Ku band radar. 
This is consistent with the wavelength differences between these two 
radars. The reflectivity data, used in the first two case studies, was 
taken from the Ku band digital data. 
1.5 Climatological Study of Steamboat Springs Precipitation 
In order to place the following case studies in perspective with 
respect to the precipitation that was produced by each different synop-
tic regime, a ten year climatological study was performed. Daily pre-
ci.pitation, accumulated from sunset to sunset during the winter months 
November to April from 1970 to 1980 was recorded. Then a storm type 
was assigned to each disturbance which produced a measurable amount of 
precipitation, .01 inches at the precipitation gage located in Steamboat 
Springs, Colorado. 
The ten year study revealed that less than .1 inches of precipita-
tion fell on 37% of the days, on 64% of the days less than .2 inches 
fell, on 80% of the days less than .3 inches fell, and on 97% of the 
days .6 inches or less fell at Steamboat Springs. Storm types were 
classified according to the movement of the vorticity maximums within 
the 50 kPa (kilopascals) synoptic waves. Table 1 illustrates various 
characteristics of historical storms that were similar to those of each 
case study. 
Notice that none of these storm types were very frequent or pro-
duced the greatest percentage of the total precipitation with respect 
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to the historical record. Storms similar to case study #1, however, 
did produce, on the average, the greatest amount of precipitation per 
storm event. 
TABLE I 
Climatology of Storm Type and Precipitation for Steamboat Springs 
Frequency of storm type 
that produced measurable 
precipitation in 24 hours 
at Steamboat Springs 
Percentage of total 
precipitation produced 
by each storm type in the 
ten year period at Steam-
boat Springs 
Average amount of 
precipitation produced 
by each storm type in 
the ten year average at 
Steamboat Springs 
(inches) 
Historical Weather Systems Similar to Those 
Analyzed in 
Case Study ttl Case Study ff2 Case Study il 3 
14% 13% 22% 
18% 13% 23% 
.27 .21 .21 
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CHAPTER II ANALYSIS METHODS 
2.1 Stability Analysis 
The convective component of the orographic cloud system takes 
several different forms as the degree of instability increases; an 
embedded Bernard Cell type of convection, stationary convective lines, 
and vigorous, moving convective bands (Marwitz, 1976). Many different 
stability analyses and indices have been used by various investigators 
(Saucier, 1955; Schuetz, 1957; Hess, 1959; Gates, 1960; Elliott and 
Schaffer, 1962; Elliott and Hovind, 1964; Rhea, 1967; Dept. of the Air 
Force, 1969; Chappell, 1970; Fraser, 1970; Orgill, 1971; Grant, et al., 
1974; Plooster and Fukuta, 1974; Seinfield, 1975; Marwitz, et al., 
1976; Vardiman, et al., 1976). 
Parcel methods for analyzing stability can be used to detect large 
scale instability (Elliott, 1969). If a parcel of air is lifted to its 
LeL (Lifted Condensation Level), by an orographic lift for example, and 
the environmental lapse rate in the vicinity of the LCL is such that 
r < r. < r d' b . (conditional instability), saturated env~ronment dry a ~a at~c 
the parcel will continue to rise due to buoyancy (r = -dT!dZ = lapse 
rate). As the parcel rises, the temperature difference between the 
parcel and the environment will accelerate the parcel upwards while 
entrainment of environmental air will tend to decelerate it. \Vhen the 
temperature of the parcel again equals the temperature of the environ-
ment, the parcel will no longer be accelerated by buoyancy. 
There are two types of layer methods which can be used to detect 
smaller scales of instability: layer conditional instability and po-
tential, convective instability. The first method applies the concepts 
of conditional instability to an atmospheric layer. The layer is 
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classified according to (a) absolutely stable: r, < r d 
env~ronment saturate, 
(b) conditionally unstable: r < r, < r 
saturated env~ronment dry adiabatic, 
or (c) absolutely unstable: r d' b ,< r . , . The classi-dry a ~a at~c env~ronment 
fication (b) is conditional upon moisture, if the layer is saturated, 
then the layer is stable. Processes which bring a conditionally un-
stable layer to saturation or drive a saturated absolutely stable layer 
to conditional instability will bring about convective motions through 
the release of latent heat as water vapor condenses to liquid water and 
liquid droplets freeze. Both of these processes may aperature during 
an orographic lift. Layers are lifted and cooled, so that condensation 
takes place. On the other hand, vertical airmass stretching upon lift-
ing can drive the lapse rate of a saturated layer past the saturated 
adiabatic so that conditional instability may be realized (Saucier, 
1955; Hess, 1959; Elliott and Hovind, 1964). 
The second method, potential convective instability, can also be 
applied to an atmospheric layer. A layer is potentially unstable when 
ae faz < 0 and non-saturated. If the layer is stable, lifted, and 
e 
cooled to saturation, it will become convectively unstable. When 
ae faz > 0, non-saturated and stable, the layer is potentially stable. 
e 
After lifting to saturation, it will remain stable (Saucier, 1955; Hess, 
1959). Because layer conditional instability is unable to account for 
the vertical gradient of latent heat which may be present within the 
layer, convective potential instability is a preferred analysis tech-
nique (see Appendix A). 
Table II displays a summary of parcel and layer stability analysis 


















Parcel Stability vs Layer Stability for COSE I and COSE II 
Number of Soundings With 
Some Amount of Positive Area 
Generated (Parcel Method, 
Not Necessarily Realized) 
Vertical Extent of Positive Area 
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(The CaSE II experimental period happened to be exceptionally dry for 
the Park Range area.) It becomes obvious that the degree and frequency 
of instability experienced over the Park Range of Colorado is not excep-
tionally large and since the layer analysis method is more sensitive to 
this degree of instability, the layer potential instability analysis, 
rather than the parcel method, is best suited for this area.
l 
In order to analyze for the convective cloud components present 
within each sounding of the case studies, equivalent potential tempera-
ture (8 ) was plotted as a function of height and the convective poten-e 
tial instability was defined in the following way: 
A. Potential instability base equals the point at which the 8 
e 
profile begins to decrease with height. (PIB) 
B. Potential instability top equals the point at which the 8 
e 
profile again equals the 8 value at the layer base. (PIT) e 
The layer is lifted according to the simple model used to define 
the composite cloud (see Cloud Analysis section 2.3). The convective 
cloud component generated by the instability is determined from the 
following: 
C. Convective instability base was taken as the LCL of the poten-
tial instability base. (CIB) 
D. Convective instability top was taken as the potential instabil-
ity top if the top of the layer became saturated with respect to water 
or it was equal to the cloud top if the water saturated top was below 
the potential instability top. (CIT) 
lThis general lack of extensive instability has been expected because 
winter storms which favor precipitation over the Park Range are gener-
ated by modified maritime polar airmasses (Rhea, ~ al., 1969, pp. 
108-109). 
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The analysis procedure outlined above is the same method used by 
Manvitz, et al., (1976) to describe the convective cloud component pre-
sent in San Juan storms (see also Marwitz, 1980). Therefore, the convec-
tive cloud component will be defined as the layer that lies between the 
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Figure 3. Examples of convective cloud components. 
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At some point, e must begin to increase with height in order to 
e 
determine the top of the layer as defined by B. This seems to imply 
some degree of potential stability within the layer of potential in-
stability. As long as the base of the layer is determined as defined 
by A, e will decrease with height from layer base to layer top and an 
e 
average conditional instability will exist throughout the layer. 
2.2 Blocking Analysis 
A serious difficulty encountered in a two-dimensional analysis of 
airflow past a ridge is the inability to describe the motion of air 
which fails to pass over the barrier. This may be caused by any of the 
following: downslope valley winds in lower layers, thermodynamic 
stagnation, cold air pooling, light winds which pile air up against the 
ridge, or winds which encounter the barrier and turn to parallel it 
without ascension. These conditions are termed blocking flows (Kao, 
1965; Wong and Kao, 1970; Orgill, 1971; Fraser, et a1., 1973; }furwitz, 
et a1., 1976; Reid, 1976; Rhea, 1978). 
Blocking conditions may vary in time and have a large effect upon 
the orographic lift which, in turn, determines the orographic as well as 
the convective cloud components which form over the ridge. The block-
ing flow has been defined with respect to wind direction, a transbarrier 
wind component, and even a combination of transbarrier wind component 
and temperature profile ("Hyers, 1962; Elliott, 1969; Fraser, ~ a1., 
1973; Harwitz, ~ a1., 1976; Rhea, 1978; Narwitz, 1980). 
The criteria for blocking chosen for this study is similar to that 
of Rhea (1978). A layer will be termed blocked if the transbarrier wind 
o 
component is less than 2 m/sec or if dT/dP < 0.4 K/S k Pa. This 
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criteria will insure that blocking will be accounted for and that the 
orographic lift will be reduced by an appropriate amount. (If the low-
est atmospheric layers are blocked from ascending the barrier, the up-
wind airflow will be exposed to a lift that will be less than the topo-
graphical height of the barrier. See also Marwitz, 1980.) 
2.3 Cloud Analysis 
In order to accurately reconstruct each storm event, it becomes 
necessary to define the three proposed components of the cloud system. 
This includes the upwind portion of the system which is not orographi-
cally lifted (the synoptic component), the topographically forced por-
tion of the cloud system (the orographic component), and the portion of 
the cloud system in which convective motions are expected to occur by 
the release of potential convective instability (the convective compo-
nent). The first two components must be defined from rawinsonde cloud 
base and cloud top criteria, while the convective component is defined 
from a stability analysis performed upon the rawinsonde data and the 
lifting of the sounding (see Stability Analysis section 2.1). 
There are many ways to define a cloud from rawinsonde data. Water 
saturation, ice saturation, an arbitrarily defined dew point depression, 
or an arbitrarily defined relative humidity, are a few of the criteria 
used (Dept. of the Air Force, 1969; Elliott, 1969; Rhea, 1972; Dumont, 
~t E..l., 1974; Dumont, 1975; Manvitz, ~ a1., 1976; Vardiman, ~ a1., 
1976; Rhea, 1978). Depending on which criteria is used, a cloud top 
may vary by as much as 20 kPa! The upwind synoptic component of the 
cloud system will be defined as that portion of the sounding which is 
saturated with respect to ice. This criteria will be used with the 
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understanding that the cloud extent may be over estimated simply 
because there may be no cloud present and the air is saturated with 
respect to ice. Practically, the synoptic cloud component was 
determined from each sounding by comparing the observed de,vpoint 
depression with the dewpoint depression necessary for ice saturation. 
The ice saturation dewpoint depression is approximately equal to one-
tenth of the absolute magnitude of the temperature in degrees Celsius, 
o 
e.g., a parcel of air which has a temperature of -25 C is said to be 
o 
saturated with respect to ice if its de,vpoint depression is 2.5 C or 
less. This relationship was developed by Hill (1977), see also Hill 
(1974), Dumont, ~ al., (1974) and Dumont (1975). 
The lifted orographic cloud was defined by lifting the sounding 
and then classifying a "cloud" by both water and ice saturation. These 
criteria should give lower and upper estimates of cloud dimensions. 
Note that the determined orographic cloud is not a purely "orographic 
cloud". The figures which include the orographic component, may also 
contain elements of the synoptic component above 40 kPa. Above this 
level, the synoptic cloud component was simply "advected" toward the 
barrier. 
In addition to this "advection" effect, moisture present clue to 
the synoptic component alone may also be involved with moisture which 
was condensed during the orographic lift. Nothing can be done to suh-
tract this synoptic component out of the soundings before they are 
lifted by the topography. Therefore, the composite clouds which are 
analyzed as existing over the ridge may contain elements of each of trw 
three components; synoptic, orographic, and convective. 
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The orographic lift is contingent upon the transbarrier wind 
component, the temperature structure of the lower layers, the airmass 
stability upwind of the barrier, blocking flow, and any convective 
motions Hhich are present. The lifted orographic cloud was determined 
by employing a simple model which approximates the orographic forcing 
and yet attempts to account for blocking. The primary lift was defined 
as the ascent that air near the surface undergoes in order to be raised 
over the barrier, Le., 10 kPa if no blocking is present. If blocking 
is present, the primary lift is reduced by the thickness of the blocked 
layer. The lift experienced at upper levels is decreased as higher 
altitudes are reached and becomes zero above 40 kPa. This is reason-
able in light of airflow model results (Myers, 1962). It was shown that 
for uniform slight stability in the troposphere, the first streamline 
which ,..ras not displaced by the orographic influence, as defined from a 
minimum kinetic energy outflow criteria, lies close to but below the 
tropopause. For airflow which possess greater stability, by virtue of 
less moisture or stable lapse rates, the critical level, as defined 
above, will be found at a lower elevation. The greater stability of 
continentally modified maritime polar airmasses suggests a critical 
level around 40 kPa. The criteria used to lift the soundings and de-
termine the orographic cloud, is shown in Table III. Thb lifting 
model has the following features: (1) blocking can be accounted for, 
(2) streamline displacement decreases ,..rith height up to 40 kPa, 
(3) airflow characteristics control the lift, (4) soundings are not 
lifted en masse, Le., a decrease of lift with height is acconnted for, 
and (5) ~ift is scaled towards stable airmass conditions. However, 
24 
this model is incapable of describing lift contributions from stability 
changes, convective motions, or synoptic scale vertical velocities. 
TABLE III 
Orographic Lifting Model 
Layer 
From the top of the blocked layer 
or from the surface (80 kPa) to 
ridge top (70 kPa) 
70.0 kPa to 60.0 kPa 
60.0 kPa to 52.5 kPa 
52.5 kPa to 45.0 kPa 
45.0 kPa to 40.0 kPa 












CHAPTER III CASE STUDIES 
3.1 Case Study #1 
December 10 19Z ~ December 12 OOZ 1979 
The first case study analysis was performed on a well-organized 
short wave system which passed over the study area on the 10th and 11th 
of December 1979. The surface low pressure center formed along the 
U.S.-Canadian border and moved to the east-southeast passing well to 
the north of Colorado. However, the trailing surface cold front 
extended from the low to the southwest down over California and moved 
quickly to the southeast, passing through the study area around 03Z on 
the 11th. 
The upper air disturbance, most evident at 70 kPa consisted of a 
strong short "...rave which also moved through the study area around 03Z on 
the 11th. CO:C1siderable cold air advection and a substantial amount of 
moisture accompanied the wave. Since this disturbance moved so quickly, 
it produced heavy precipitation for a relatively short period of time 
(see Figures 4a-c). 
Figures 5a-c illustrate the 1103Z, 11062 and lIOn soundings taken 
from Craig. An analysis of the serial soundings reveals the detailed 
temperature and moisture structure of the storm. Note the strong cool-
ing in the lowest 20 kPa as the disturbance passed. 
Figures 6-7 show the time sections of temperature (T), potential 
temperature (8), and equivalent potential temperature (8 ), respective-
e 
ly, as derived from the upwind Craig rawinsonde. Note the sharp cool-
ing, especially in the lower layers, beginning around 04Z on the 11th. 
Figure 8 shows a time section of the winds, again as derived from 







for the most part, maintained strong westerly components so that block-
ing was not important. Prior to 1106Z, however, a mesonet wind station 
at Milner measured a weak easterly wind component (Note that 1106Z and 
all other such designations within the text indicate a day and hour, 
e.g., 06Z on the 11th. This is due to the fact that all rawinsonde ob-
servations were taken on the hour. Such a time designation provides 
for a short hand notation in referring to events within the case 
studies). After this time, the rawinsonde analysis revealed a veering 
of wind direction to the northwest in time and an increase in >vind 
speed as the strong surface disturbance approached. This implies that 
some nighttime cold air pooling acted in response to a diurnal pattern 
of valley airflmv. Since only one mesonet wind station measured this 
dmmvalley flow, the cold air pooling was not strong or widespre<1d 
within the valley. Even though the flow was not blocked at Craig, the 
air closer to the barrier may indeed have been blocked or stagnated. 
The 70 kPa winds at Craig and all surface winds at the observation sites 
throughout the valley veered tmvards the northwest in time as well as 
increased in speed as a response to the short wave passage, while the 
upper level winds remained strong out of the southwest. 
Figure 9 shows the time-variation of the analyzed ice-saturated 
cloud which formed over Craig in time.
2 
This portion of the cloud 
system has been defined as the synoptic component since the soundings 
have not been lifted by the topography. Note the trough passage times 
and the general lack of blocking at Craig. (The Craig surface pressure 
remains sufficiently close to 80 kPa to call this pressure the surface 
in the pressure coordinate system.) 
2 
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Figure 9. Time cross-section analysis of the synoptic cloud component 
of Case Study #1. The stippled area depicts the upwind, 
non-lifted synoptic cloud component. The area between the 
surface, SO kPa, and the solid dots depicts the blocked 
layer. Triangles indicate trough passage at the surface, 
70 kPa, and 50 kPa. 
33 
Figure lOa illustrates the derived cloud which formed over the 
ridge. This composite cloud contains elements from each component. 
The soundings were lifted according to the previously defined model. 
3 
Ice and water saturated clouds were determined. Note that an 
orographic cloud did form during the later stages of the storm when no 
upwind cloud existed. The stippled area represents the convective 
component of the cloud system and was defined as the zone where the 
potential convective instability was released. Figure 11 illustrates 
why the convective component was shallower than the derived orographic 
ice and water clouds. The air was stable up to the point that G e 
decreased with height near 50 kPa. Above 50 kPa, the air was 
potentially unstable. Since the layer between 50 kPa and 42 kPa became 
saturated with respect to water upon lifting, it also became convec-
tively unstable as outlined in section 2.1. The depth of the derived 
convective component extended only to the CIT (convective instability 
top). Also note that at ll12Z the analysis delineated the existence 
of two cloud decks while the radar apparently did not observe two 
separate decks. (Several distinct cloud decks have been frequently 
observed by the radar during both caSE I and CaSE II field experiments.) 
As indicated in section 2.3, Cloud Analysis, the lifting model 
could describe the first order effects of the orographic forcing, but 
it is a crude model at best. In order to test the sensitivity of the 
cloud component that formed as a consequence of the topographical 
lifting as a function of the lifting model and various temperature and 
~ee the definition of orographically forced ice and water saturated 
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Figure lOa. Time cross-section analyses of the composite cloud system 
of case study #1. The area within the dashed line depicts 
th2 upwind, non-lifted cloud. The area within the thin 
solid line depicts the lifted, ice-saturated cloud. The 
area uitl1in the convoluted line depicts the lifted, water-
saturated cloud. The area within the heavy solid line de-
picts the radar observed cloud. The stippled area depicts 
the convective cloud component, 8e , decreasing ,vith height 
in a \Vater-saturated layer. The area bet,veen the surface, 
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Figure lOb. Time plot of hourly precipitation at various points across 
the Park Range barrier for case study 01. The heavy solid 
line (--) corresponds to Radar Base. The dotted-dashed 
line (_. -) corresponds to False Top. The medium solid 
line (----) corresponds to Picnic Area. The dashed line 
(-- -j corresponds to HiglHvay Camp. The thin solid line 
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moisture profiles, an analysis using a slightly different lifting model 
was attempted. This time the primary lift was apportioned linearly be-
tween the surface and 30 kPa. Prior to 1109Z, the new analysis indi-
cated that cloud tops were generally higher than the first analysis, at 
most 7.5 kPa higher (e.g., at 45 kPa, the first lifting model indicated 
a lift of 1/16 x primary lift while the alternate lifting model indi-
cated a lift of 6/16 x primary lift). After 1109Z, however, a strong 
subsidence inversion was established and there was no appreciable dif-
ference in the two analyses. This shows that with certain temperature 
and moisture profiles, the lifting model is critical in determining the 
lifted cloud top, while different profiles of temperature and moisture 
clearly indicate the position of cloud top no matter what kind of model 
is used. 
The analyzed water-saturated cloud tops were only slightly higher 
than those observed by the K band radar. On the other hand, the radar 
did not detect the early stages of the storm progression as delineated 
by the analysis in Fig. lOa. This latter discrepancy is reconciled in 
light of the fact that the air continued to rise over the ridge after 
it passed the point at which the vertical pointing radar observations 
were made. It is possible that the cloud formed over the top of the 
ridge and did not extend upwind far enough for the radar to "see" it. 
In general, discrepancies between the radar observed and derived cloud 
top may be attributed to the fact that the moisture, temperature, and 
windfields observed at Craig, nearly 60 km upwind of the radar site, 
may not be representative of atmospheric conditions in the immediate 
vicinity of the ridge. 
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Early in the storm period, 11002 and 11032, the extreme depth of 
the ice-saturated cloud is questioned. The air was likely to be 
saturated with respect to ice, but the question remains, Was there ac-
tua11y a cloud present at this extreme altitude? This question is 
difficult to answer, however, since the radar did not observe a "cloud" 
anywhere near the indicated tops. The answer is probably that the air 
was saturated with respect to ice, but no cloud or else an extremely 
thin cloud (below radar detection) was present. Therefore, at these 
two times, more emphasis should be placed on the water saturated 
analysis. 
The problem of delineating a cloud from rawinsonde data can be 
illustrated in the following example. Different cloud tops were deter-
mined from the 1100Z and ll03Z soundings using different definitions 
of "cloud" (see Table IV). Which criteria correctly identifies "cloud" 
from "non-cloud"? Note that the dewpoint depressions used are much 
smaller than the 6
0
C dewpoint depression recommended by the Department 
of the Air Force (1969) for this type of analysis. 
TABLE IV 
Various Clond Top Pressures (kPa) as Determined from Different Cloud 
Top Crite1:'ia 
Relative Humidity De~~oint DeEression Ice Saturation 
80% 85% 20 c 3°C 40 C 
1100Z 35.0 36.3 35.5 32.0 24.0 25.0 
1103Z 38.0 40.0 40.0 35.0 25.0 25.0 
High radar reflectivities, as documented by Ku band radar data, 
corresponded well in time with the analyzed release of convective in-
stability. This fact was true especially between 11062 and 1109Z (see 
Figure 12). The level of maximum reflectivity tended to lie between 
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66 kPa and 56 kPa, well below the analyzed zone of convective insta-
bility. Note that in this layer, the non-lifted temperatures from the 
Craig rawinsonde analysis were roughly between' -14°C and -17
o
C. This 
temperature range approximately defines the dendritic ice crystal 
growth zone. It is hypothesized here that ice crystals fell into the 
dendritic growth zone from the zone of convective instability release 
and produced the higher radar reflectivities. The maximum reflectivity 
values tended to be 10 dBz greater than the rest of the storm reflec-
tivities. 
The analysis did quite well in portraying the radar observed com-
posite cloud system. This case study illustrates the importance of 
using the analysis together with the radar observations to describe the 
complete cloud system. 
Figure lOb shows water equivalent precipitation, accumulated during 
the indicated hour, as a function of time. The stations, in order of 
elevation and distance away from the radar site at the western base of 
the ridge, are as follows: Radar, Picnic Area, False Top, Highway Camp, 
Columbine. The ridge is relatively broad and flat at its top and 
Columbine is at the far eastern edge before the terrain falls off into 
the North Park area. Note that all of the precipitation was post-
frontal. It peaked quickly at the beginning of the storm period and 
then fell off slowly in time as the post-frontal orographic cloud 
established itself. The precipitation started sooner and lasted longer 
at the higher elevation sites than at the base of the ridge. The fact 
that the snow started sooner at the highest elevation, easternmost 
sites, before the trough passed, indicates that this precipitation 
was probably due to an orographic precipitation component. If a 
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synoptic precipitation component had been present, it seems likely that 
the other snow gages would have indicated snowfall at this time also. 
Visual observations made within the Yampa'Valley agree quite well 
with the rawinsonde analysis presented in Figure lOa. A thin layer of 
clouds formed over the ridge at 2l30Z on the 10th. By 2300Z on the 
10th, cirrus and stratus clouds were observed to be moving from west to 
east at Craig. One hour later, OOOZ on the 11th, an altostratus layer 
invaded the valley. At this time, cloud bases over the Park Range were 
still well above ridge top. In the next four hours, cloud bases dropped 
below the ridge top, precipitation began at the radar, and moderate to 
heavy snow was falling halfway up the ridge. Snow continued throughout 
the night on the ridge and finally stopped at 14002 on the 11th. Cloud 
bases remained below the Park Range ridge top throughout the rest of 
the day up to OOOOZ on the 12th, even though upwind from Steamboat 
Springs, the cloud in the Yampa Valley had dissipated. Soon after 
OOOOZ on the 12th, the orographic cloud itself dissipated. Further 
detailed visual observations are presented in Appendix B. 
3.1.1 The Main Findings of the First Case Study 
A closer look at the preceding analyses reveals important relation-
ships between the migratory wave and the components of the orographic 
cloud system. 
1) Rapid cooling occurred in the T, 8, and the 8 fields follow-
e 
ing the short wave passage, especially at lower levels. 
2) The synoptic cloud component became apparent as the short wave 
passed. 
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3) The synoptic cloud component moved into the area at mid-
levels, deepened, and then dropped to lower levels. This is presumably 
due to variable moisture advection, strong vorticity advection, which 
occurred during the earlier portions of the storm period, or the tran-
sient mesoscale structure of the disturbance. (The absolute cloud tops 
of the synoptic component were difficult to determine.) 
4) The migratory wave track was slightly north of the study area 
so that the low level winds were strong enough to provide for a con-
stant, low level lift. 
S) The cloud system which formed over the ridge \.;ras governed by 
moisture advection and lifting. This cloud formed slightly before and 
lasted many hours after the synoptic upwind cloud component dissipated. 
6) The composite cloud system quickly thickened prior to the 
short wave passage as did the synoptic component. This may be due to 
the strong vorticity and moisture advection which was present in the 
earlier part of the storm. 
7) A pure orographic cloud did form when an upwind synoptic cloud 
was not detected late in the storm period. 
8) The convective cloud component developed relatively early with-
in the cloud system that formed over the Park Range. 
9) Strong cooling in the low'er layers, in response to the frontal 
passage, established an inversion which stabilized the lower portions 
of the cloud system. Convective instability was not associated with 
the cooling in these lower layers as the front moved through. 
10) Slight convective instability formed at 1106Z due to a mois-
ture decrease with height and differential cooling of a 4 kPa layer 
centered around 60 kPa. Stabilization occurred as a consequence of a 
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relative moisture increase with height. The potential instability 
present in the 1106Z and 1109Z soundings developed in association with 
differential cooling in the 45 kPa and 50 kPa iayer. This cooling 
caused the lapse rate to be slightly greater than moist adiabatic and, 
therefore, forced 38 e /3Z < O. Lifting and condensation released the 
potential instability (see Figures 5a-c and 11). 
11) The convective instability was associated with the wave 
passage. It was not, however, generated on a large scale by the dis-
turbance itself, i.e., neither strong cold air advection aloft nor 
strong warm air advection in the lower layers caused the lapse rates to 
become unstable. The instability was associated with fine scale tem-
perature and moisture advective processes which operated within a 
4-5 kPa layer. The differential cooling tipped an already near moist 
adiabatic lapse rate past this value so that d8 Idz was negative. The 
e 
layer became convective1y unstable when the air was able to reach 
saturation after lifting. 
12) It is hypothesized that ice crystals, falling from a zone of 
convective instability release, fell into the dendritic crystal growth 
o 0 
zone, -14 C to -17 C, and were responsible for the higher radar reflec-
tivities at this time. 
3.1.2 Important Conclusions from Case Study #1 
A very important fact illustrated in this first case study is that 
the derivation from the rawinsonde data of the cloud system which formed 
over the ridge was, at times, very sensitive to the lifting model. 
Temperature and moisture profiles determined to a large extent this 
"sensitivity". When the moisture slowly decreased with height, the 
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lifting model became important in that the streamline displacement 
determined how the air was lifted and cooled to saturation. If the 
streamline displacement is not accurately determined, a "lifted" cloud 
can not be analyzed with confidence at all times (i.e., if the moisture 
slowly decreases with height, the lifting model is critical). 
3.2 Case Study #2 
February 22 l2Z ~ February 24 l8Z 1979 
The second case study analysis was performed on a complex long 
wave system. Aloft, a small wave passed over the study area at a time 
prior to 22l2Z (Note that 22l2Z and all other such designations within 
the text indicate a day and hour, e.g., 12Z on the 22nd. This is due 
to the fact that all rawinsonde observations were taken on the hour. 
Such a time deSignation provides for a short hand notation in referring 
to events within the case studies). Slight ridging occurred over 
Colorado as the long wave developed over the western U.S. As the long 
wave passed over the study area about 2400Z, the storm track generally 
moved from the west-southwest. Strong cold air advection and ridging 
followed behind the upper air trough. 
At the surface, at 22l2Z, a low pressure area was centered in 
northeastern Colorado while the accompanying cold front trailed off to 
the southwest through New Mexico. A secondary cold front was positioned 
off the Oregon coast and another weak stationary front extended through 
Montana to the southeast, generally northeast of Colorado. In time, 
the front off the Oregon coast propagated quickly to the east while the 
stationary front to the northeast slowly retrograded to the southwest. 
During this time, cold arctic air moved into the Great Plains from the 
4.4 
north. As it did so, it pushed westward toward the Continental Divide 
and deepened. The two fronts merged very close to the study area about 
24002 and then proceeded to the east together. By 25002, a high pres-
sure system had strengthened into the Great Basin area (see Figs. 13a-f). 
Figures l4a-g show selected soundings from Craig throughout this 
storm period. A comparison between Figure 20 and Figure l4a-g illus-
trates the relationship between e and the soundings. Note that G 
e e 
decreases with height when the lapse rate becomes less than moist adia-
batic or the de\-lpoint depressions increase quickly \-lith height. 
Figures 15-16 show the upwind time sections of T, 6, and 9 , 
e 
respectively. The field gradients were much weaker than in the first 
short wave case study. This disturbance seemed to be more spread out 
in time as the long wave moved slower than the previous short wave of 
the first case study. Both time sections indicate cooling in the lower 
levels between 23062 and 23122. This can be attributed to nocturnal 
cooling and valley cold air pooling. During the nighttime hours, after 
2306Z and before 23122, the soundings indicated that a valley inversion 
had been established. This formation of a very stable layer undoubted-
ly contributed to the blocking and accounted for the cold air pooling 
at this time. During the nighttime periods, however, between 2400Z and 
24l2Z, no valley inversion formed. At this time, the blocking was 
attributable to southwesterly winds at 70 kPa which produced a cross-
valley flow at upper levels and was not funneled to:"ard the barrier. 
All three temperature fields, however, also indicated some cooling in 
response to the trough and surface passage after 2400Z. As shown in 
Figure 16, the 6 field differed from the e field implying the presence 
e 
of moisture throughout the entire storm period. Note that at times 
45 
a. 50 kPa - 2300Z b. 50 kPa - 2400Z 
c. 70 kPa - 2300Z d. 70 kPa - 2400Z 
e. Surface - 2312Z f. Surface - 2400Z 
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Time Cross-Section Analysis of Temperature for Case Study #2. For temperatures warmer 
a than -20C, temperatures are analyzed every 5 , and for temperatures colder than -20C, 
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Figure 16. Potential and Equivalent Potential Temperature Time Cross-Section Analyses of Case Study #2. 
o (solid lines) and Oe (dashed lines) have been analyzed every 2°C. Heavy solid lines depict 




the e analysis indicates pronounced weak vertical gradients. The 
e 
important implications of this observation will be discussed with 
respect to the convective cloud component that 'was present within this 
storm. 
Figure 17 illustrates a time section of winds as derived from the 
Craig rawinsonde data. The 50 kPa and 70 kPa winds reflected the long 
wave passage. They backed in time as the trough approached and then 
veered sharply soon after the passage. The lower level winds, however, 
were light and variable and produced a blocking condition as the dis-
turbance passed. At approximately 2400Z, the storm track gave rise to 
winds that had strong southwesterly components and were unable to funnel 
efficiently into the west end of the Yampa valley. This contributed to 
the stagnation. The blocking between 2300Z and 23182, however, was 
produced by a local down valley drainage flow which gave rise to surface 
winds with easterly or northeasterly components. This fact was substan-
tiated by rawinsonde data in that a valley inversion formed in conjunc-
tion with cooling of the temperature fields in time. Down valley drain-
age also explains the extreme depth of the blocked layer at 23l2Z. In 
fact, several mesonet wind stations in the valley near Milner substan-
tiated down valley flow between 2300Z and 2406Z. These observations 
strengthen the arguments for this diurnal valley airflow and cold air 
pooling which contributed to the extensive blocking prior to this storm 
passage. 
Figure 18 shows the analyzed, upwind ice-saturated cloud. The 
moisture was advected into the area at relatively low levels. Note 
that the cloud deck thinned as slight synoptic scale ridging occurred 
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Figure 17. Time cross-section analysis of wind direction and wind speed of Cast Study #2. 
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Figure 18. Time cross-section analysis of the synoptic cloud component of 
Case Study #2. The stippled area depicts the upwind, non-lifted 
synoptic cloud component. The area between the surface, 80 kPa, 
and the solid dots depicts the blocked layer. Triangles indicate 
trough passage at the surface, 70 kPa, and 80 kPa. 
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passage. This low level moisture preceded the primary 2400Z trough to 
such an extent that it was almost advected into the first, pre-22l2Z 
short wave. Consequently, the synoptic and lifted cloud components 
persisted many hours. As the primary trough passed, the synoptic cloud 
thickened and dropped. The post-frontal synoptic cloud remained for 
m~ny hours before it began to dissipate. 
The analysis in Figure 18 also suggests the presence of cirrus 
above the primary synoptic cloud mass. If cirrus crystals were falling 
from the upper layer, they may have supplied secondary ice crystals to 
the lower cloud layer. There is however, no guarantee that cirrus ice 
crystals existed, only that the air was saturated with respect to ice. 
Assuming a crystal fall speed of 0.5 m/sec and mean wind speeds of 12 
and 14 m/sec, from Figure 17, the crystals would have travelled to the 
lower cloud mass 23 and 34 km downwind from Craig, respectively. This 
means that the crystals could have entered the lower cloud mass over 
Milner, well ahead of the main barrier. From this point, they could 
have easily been injected into the orographic cloud system. This sec-
ondary source of ice crystals has important ramifications upon the seed-
ability of this storm event. 
Figure 19a shows a synthesization of the cloud system which formed 
over the Park Range barrier. A pure orographic component formed as a 
result of sub-ice saturated air being lifted to water saturation before 
the upwind cloud formed because of the moisture and lifting that was 
4 
present. Around 23l2Z, the cloud system thinned to mid levels as a 
4See the definition of orographically forced ice and water saturated 
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Figure 19a. TLne Cross-Section Analysis of the Composite Cloud Syste;., 
of Case Study #2. The area within the dashed line depicts 
the up\Vind, non-lifted cloud. The area within the thin 
solid line depicts the lifted, ice-saturated cloud. The 
area within the convoluted line depicts the lifted, water-
saturated cloud. The area within the heavy solid line de-
picts the radar observed cloud. The stippled area depicts 
the convective cloud component, 6e , decreasing with height 
in a water-saturated layer. The area between the surface, 
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Figure 19b. Time Plot of the Hourly Precipitation at Various Points 
Across the Par~,- Range Barrier for Case Study #2. The 
heavy solid line (----) corresponds to Priest Creek. 
The dotted-dashed line (_. _) corresponds to False Top. 
The medium solid line (----) corresponds to the Picnic 
Area. The dashed line (- --) corresponds to High,vay Camp. 
The thin solid line (--) corresponds to Columbine Lodge. 
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result of synoptic ridging which evaporated moisture by subsiding air 
and increased the blocking, which reduced the lift. In general, there 
was adequate moisture present throughout this storm to produce a sub-
stantia1 cloud but the amount of blocking severely decreased the amount 
of lift and, consequently, decreased the extent of the cloud system. 
As the pr{mary long wave approached, the cloud thickened and the cloud 
base dropped below ridge top. After the disturbance passed, the post-
frontal moisture was topographically lifted to water saturation for 
many hours until the moisture supply was cut off. 
The convective component was very prominent in the early portions 
of the storm system from 2212Z to 2312Z, as was previously suggested in 
the time cross-section analysis of e in Figure 16 and is shown in e 
Figure 20. The major contributor to this instability consisted of a 
lapse rate which was nearly or slightly more than the moist adiabatic 
value in the lower levels. At higher levels, however, the moisture 
gradient effect increased the extent of the potential convective insta-
bi1ity, making it deeper than it would otherwise have been if the lapse 
rate effect alone had been considered. As a consequence of lifting and 
saturation, the potential instability was realized as the convective 
component. This instability, in general, was either caused by cold air 
advection associated with the short wave which passed prior to 2212Z, 
or vorticity advection associated with the development of the primary 
wave before it passed at 2400Z. Without a detailed analysis of the pre-
2212Z wave passage, it is difficult to determine exactly how the poten-
tia1 instability formed at this time (this trough passage was not 
analyzed due to the fact that rawinsonde data was not gathered with 
sufficient time resolution for it to be included in this case study). 
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An analysis of the thermodynamic diagrams revealed very little, if 
any, positive energy area which could support convection. The 2306Z 
sounding was the most unstable sounding at this time. Yet, the temper-
ature difference between a moist adiabatically ascending parcel and the 
environmental temperature remained within one half of one degree 
Celsius. With the effects of entrainment, the sounding dries sliihtly 
above 60 kPa, strong convective motions as a result of instability and 
orographic lifting alone could not have been supported in this environ-
ment (see Figure l4b). 
Between 22lSZ and 2306Z, the depth of the convective component 
was reduced. Figure 20 illustrates the e profiles from 22l2Z, 2300Z, 
e . 
and 2306Z. The e profiles indicate a fluctuation of e with height, e e r 
in time, which caused the potential instability first to disappear and 
then to reappear. The 22l8Z sounding shows a conditionally unstable 
lapse rate below 73.3 kPa and a nearly moist adiabatic lapse rate from 
73.3 to 66.5 kPa. The relative moisture gradient in the upper layer 
was such that it forced the e profile to decrease with height. Hence, 
e 
a large degree of potential instability was present throughout the 
lower levels of the 22lSZ sounding. The 2300Z sounding shows a similar 
stability in the lowest layers as the 22lSZ sounding did. Now, however, 
the relative moisture increased with height just above the surface. 
This cancelled the potential instability created by the lapse rate so 
that the net e gradient with height was positive to neutral. Above 
e 
this point, 74.S kPa, moisture advection and a slight lapse rate de-
crease occurred in time. This reduced the effects of the moisture 
gradient which destabilized this layer before. By 2306Z, the moisture 
was still present, but the lapse rate had once again increased such 
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Figure 20. Convective cloud components of Case Study il2. 
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that it was slightly unstable with respect to the moist adiabatic value. 
The change of the e vertical profiles in time explains how the poten-
e 
tial convective instability varied in time. The instability could be 
realized only if the air was lifted to saturation, as is analyzed in the 
time section of Figure 19a. An examination of the vorticity fields 
associated with this portion of the storm reveals that two vorticity 
maxima were advected over the study area around 22l8Z and 2306Z, respec-
tively, while negative vorticity advection occurred between these two 
times. The vorticity advection may have affected the moisture and 
temperature profiles which, in turn, changed the potential instability. 
These vorticity fields must, however, have been associated with the 
first, unanalyzed, pre-2212Z short wave. 
At the time of frontal passage, around 2400Z, the vertical velocity 
component that contributed to the complete cloud system through a re-
lease of convective, potential instability was generated by a lapse rate 
which was slightly unstable with respect to the moist adiabatic value. 
In fact, the unstable lapse rate was present 12 hours before 2400Z, but 
a relative moisture increase with height prohibited a8 /az from being 
e 
less than O. Consequently, the potential instability did not form. By 
2400Z, moisture advection had taken place and the potential instability 
formed. Orographic lifting then provided the saturation necessary for 
the instability to be realized. In the 2400Z and 2406Z soundings, a 
sharp relative moisture decrease with height contributed to the insta-
bility (see Figure 20). The form that the instability took in time was 
very similar to the previous short wave case study and was not directly 
associated with the large scale post-frontal cold air advection at upper 
levels. As the disturbance passed, the soundings cooled uniformly 
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throughout the post-trough period. Destabilization corresponded to the 
disturbance passage, but in this case, a warming at or just above 70 kPa 
seemed to create the instability. After the wave had passed, the con-
vective component disappeared and a stable cloud system was indicated 
by the analysis. Radar observations, however, do not verify this 
conclusion drawn from the analysis as will be shown. 
At first glance, the analysis in Figure 19a appears not to agree 
very well with the Ku determined cloud tops. Since none of the analyzed 
cloud tops were appreciably above 40 kPa, an erroneously determined 
cloud top advected from an upwind synoptic analysis could not have 
contributed to cloud top discrepancies during this storm. Still, ice-
saturated air may not represent a cloud, but more confidence can be 
placed in the analysis in that a cloud is present when the ice-saturated 
cloud top is near to the water-saturated cloud top. The analysis shows, 
however, that a large degree of convective potential instability was 
present and released between 2212Z and 2306Z. As mentioned before, 
however, parcel instability analysis indicated that the environment 
could not have supported strong vigorous convective motions at this time. 
Figure 21 illustrates the Ku radar profile for this storm. As can 
be seen, the radar observed cloud was cellular with zones of higher 
reflectivity embedded in the cloud mass which seemed to pass over 
the radar in time. It is tempting to attribute these zones of higher 
reflectivity to a phenomena similar to the convective bands observed in 
California (Elliott and Hovind, 1964). Determinations of "zone" width 
and the distance between the "zones", using the mean wind speed in the 
layer, revealed dimensions similar to those observed in California 
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Ku band radar reflectivities of Case Study #2. 
The top figure begins at 22Z on the 23rd while the 





photograph, however, taken around OOZ on the 23rd did not reveal vigor-
ous "convective bands". There did seem to be a smaller scale organiza-
tion of several cloud lines, however, oriented'from the northwest to 
southeast over northwestern Colorado (these could not have been oro-
graphic clouds oriented along the mountains because the mountains lie 
mostly north-south in this area of the state). It is hypothesized here 
that the zones of higher radar reflectivities could have been caused by 
a propagating mesoscale gravity wave (Lindzen and Tung, 1976; Houze, 
et al., 1976). This hypothesis explains the "banded structure" sug-
gested by the zones of high reflectivity as well as the cellular nature 
of the radar observations. This same type of "banded structure" was 
observed in the Park Range area by Rhea, et al., (1969) and in the cen-
tral Rockies by Furman (1967). The continuous precipitation record 
during this early storm period indicates several "pulses" of precipita-
tion which may have corresponded to the high reflectivity zones observed 
by the radar (see also Marwitz, 1980; Cooper and Saunders, 1980). 
The high radar reflectivities and convective instability release 
during this storm were not as easily linked to the crystals growing in 
the dendritic growth region. o The -15 C isotherm averaged near 62 kPa 
but the instability was so deep in this area, that it was difficult to 
conclude that the crystals were falling from an area of convective in-





Cloud top determinations from the rawinsonde analysis and the radar 
observations during the first unstable period between 22l2Z and 2304Z 
were in good agreement at sounding times. Between the rawinsonde launch 
times, where the analysis was linearly interpolated in time, the radar 
observed cloud tops were highly variable and cellular in nature and did 
61 
not agree well with the rawinsonde analysis (see Figure 19a). This 
illustrates the importance of serial rawinsonde launches. One launch 
every three hours is reasonable in light of field operations and analy-
sis requirements. In the sense of detecting cloud tops and convective 
instability at sounding times, the analysis, during this period, was 
successful. 
In general, the radar cloud top determinations at 2400Z and 2403Z 
tended to agree with the analysis; while at 2406Z and 2412Z, there was 
disagreement. Beyond 2403Z, the radar indicated much higher tops than 
the analysis. Part of this discrepancy may be due to the interpolation 
problem and part may be due to the inability of the analysis to illus-
trate convective cloud tops. If higher cloud tops and a greater area 
of convective instability had been analyzed at 2406Z, along with a pos-
itive energy area which could support convective motions, the disagree-
ment would have been less. In fact, Figure 20 shows a large degree of 
potential instability above 62 kPa, but Figure 14g indicates that with 
lifting only a very little amount of positive energy area could have 
been generated (this is an extremely borderline situation). Three 
possible explanations for the disagreement between the two cloud top 
evaluations beyond 2403Z can be advanced. First, the lifting model may 
be unable to simulate the orographic lift which actually saturated the 
air from 62 kPa to 54 kPa. In this case, cloud tops would have been 
raised and potential instability which existed between 62 kPa and 45 kPa 
would have been realized and the slightly positive area between 60 and 
55 kPa could have contributed some convective motions to the cloud 
system. Second, the large degree of instability, a decrease with Be of 
nearly two degrees, was released as analyzed between 62 and 58 kPa. 
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Given the support of an existing positive energy area or the generation 
of such an area through lifting, the instability realization may have 
set off strong convective activity which would'have then penetrated to 
higher and higher levels. A positive energy area could have been gener-
ated as the 68 to 52 kPa layer was lifted to saturation and the lapse 
rate forced past the saturated adiabatic value. As this occurred, air 
above 58 kPa would have become saturated and more convective instability 
would have been released. This process would have continued until the 
rising elements could have no longer saturated the air or the potential 
instability was no longer realized. (Note that the potential instabil-
ity tops were near 45 kPa as was the observed radar tops.) No signifi-
cant positive energy area was present, but the lifting and saturation 
of the 62 kPa to 58 kPa layer may, indeed, have tipped the lapse rate 
past the moist adiabatic value and generated a small area of positive 
energy. 
A third explanation may also be advanced to explain the discrepancy 
between the analysis and radar observations since zones of higher re-
flectivity were present within the Ku band radar data (see Figure 21). 
As before, the cloud system may have been invigorated by a moving meso-
scale gravity wave. These gravity waves may have been associated with 
the synoptic scale weather system or they may have been generated by 
mountains upwind of the Park Range. Unfortunately, no useable satellite 
data were available at this time. 
Once again, an alternate lifting model was tested for this unstable 
storm event. The primary lift was apportioned linearly between the sur-
face and 30 kPa, as before, in order to relax the condition that stream-
line displacement should decrease with height. This was done primarily 
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to test if higher levels of the soundings would become saturated by an 
orographic lift that was not so severely restricted by stability. The 
newly derived orographic and convective cloud components at times over-
estimated the cloud tops of the first analysis by no more than 5 kPa. 
This indicates that stability plays an important role in controlling 
the orographic airflow. Also, the temperature and moisture profiles 
determine, to a large degree, how the derived cloud depth behaves under 
different lifting models. For example, a strong subsidence inversion 
at mid-levels will generate similar cloud top altitudes regardless of 
the lifting model. On the other hand, a cloud top determination from a 
sounding characterized by a slow increase of dewpoint depression with 
height will be very sensitive to the lifting model employed. 
Figure 19b shows the precipitation associated with this storm 
event. Substantial precipitation fell at the higher elevations during 
two separate periods, 2300Z to 2309Z and 2406Z to 2418Z, while precipi-
tation at Priest Creek, which is the most westerly station at the top of 
the ridge, remained light and variable throughout the entire case study 
period. Clearly, the period from 2406Z to 24l8Z was associated with 
the frontal passage. The highest precipitation amounts occurred early 
in the storm period and then tapered off in time. 
During the period 2300Z to 2309Z, however, a frontal passage did 
not take place. A deep orographic cloud was established and a consider-
able amount of potential convective instability was realized. The three 
cloud components combined to initiate significant precipitation at this 
time. The continuous precipitation records indicated several "pulses" 
of precipitation during this first period. The post-frontal continuous 
precipitation records, however, did not reveal a similar observation. 
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When ridging occurred between the two wave passages, the precipitation 
and the cloud system decreased significantly. 
Once again visual observations contributed to the interpretation of 
the rawinsonde analysis presented in Figure 19a. At l600Z on the 22nd, 
skies were broken to clear in the Yampa Valley to the west and clouds 
were covering half the ridge that lies to the east of Steamboat Springs. 
Snow began falling at 22SSZ on the 22nd at Steamboat Springs. At l84lZ 
on the 23rd, a few puffy cells of scattered cumulus were forming over 
the mountains as observed from the aircraft. The ceiling lowered over 
the ski area at 22S0Z on the 23rd. Ten minutes later, a brief snow 
shower was reported at Steamboat Springs. At 2333Z on the 23rd, the top 
of the clouds in the Steamboat Springs vicinity were reported as being 
cumuliform while to the west in the valley, several stratiform decks 
appeared higher than the cumulus deck at Steamboat Springs. Twenty 
minutes later, the ceiling over thePark Range was noticeably lower and 
fairly thick while the cloud deck to the west was broken. Light inter-
mit tent snow continued to fall through l8Z on the 24th. After this 
time, these clouds dissipated. Further detailed visual observations can 
be found for this case study in Appendix B. 
3.2.1 The Main Findings of the Second Case Study 
This second case study reveals important similarities as well as 
differences between the first two cloud system case studies. 
1) 
passage. 
The T, 6, and 6 fields indicated cooling after the frontal 
e 
2) These thermodynamic gradients were not nearly as strong as in 
the previous short wave case study. 
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3) The synoptic cloud component formed and fluctuated in time as 
the moisture and vorticity advection varied. 
4) The synoptic cloud component thickened and cloud bases dropped 
in response to the trough passage. 
5) The synoptic storm track forced upper airflow from the south-
west. 
6) The moisture tended to move in at lower levels rather than at 
higher levels. 
7) Upper portions of the general synoptic cloud mass may have been 
"seeded" by ice crystals falling from a high cirrus layer. If ice 
crystals were indeed falling from this upper cirrus layer, the crystal 
trajectories may have been such that they fell into the cloud mass well 
ahead of the main barrier and were introduced into the existing oro-
graphic cloud system. 
8) The 50 kPa and 70 kPa winds were out of the southwest around 
2400Z which tended to cause a stagnation in the valley upwind of the 
main barrier. Stagnation reduced the amount of lift and, as a result, 
the extent of the orographic cloud. 
9) According to T, 6, and 6 analyses, rawinsonde data, and sur-
e 
face micromet station data, blocking was caused by cold air pooling, 
down valley airflow and the formation of a valley inversion during the 
nighttime hours around 23l2Z. 
10) The ridge top cloud system quickly thickened and cloud base 
dropped prior to the trough passage. Therefore, the composite cloud 
may have been invigorated by the synoptic disturbance as it brought 
more moisture into the system. 
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11) A pure orographic cloud did form when no upwind synoptic 
cloud was analyzed early in the storm period. 
12) The convective component, prior to the 2400Z trough passage, 
formed in response to slight instability with respect to the moist 
adiabatic lapse rate and moisture gradients. 
13) The realization of the potential instability prior to 2400Z 
may have been caused by voriticity advection and the lifting of moist 
air to saturation. Radar data indicated the passage of zones of high 
radar reflectivity during this period and was supported by continuous 
precipitation records. This invigoration of the cloud system may have 
been due to the passage of a mesoscale gravity wave. 
14) A convective component formed in conjunction with the 2400Z 
frontal passage. As in the first short wave case, the instability was 
not a direct consequence of the frontal passage and large scale post-
frontal advection. 
15) Potential instability was created by small scale temperature 
and moisture perturbations which forced lapse rates that were nearly 
moist adiabatic to become greater than this value. The potential in-
stability was then released by orographic lifting and saturation. 
16) In the period after 2400Z, the composite cloud may have been 
invigorated by a) saturation of potentially unstable layers by an oro-
graphic lift which was not as severely restricted by airmass stability, 
b) the release of convective activity which saturated higher layers 
which in turn released more convective instability, and c) a travelling 
mesoscale gravity wave. 
17) There was some suggestion in the precipitation record that at 
times, a variable convective precipitation component existed. 
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3.2.2 Important Conclusions from Case Study #2 
Again, in this second case study, the lifting model was very impor-
tant in determining the lifted cloud under certain conditions of mois-
ture and temperature. At this time, the sensitivity of the lifting 
model not only affected the depth of the "orographic component", but it 
also had important ramifications upon the convective component. 
Physical processes, however, which complicated the details of the 
lift are seen to be of even greater importance because of their impact 
upon the streamline displacement. The physical mechanism which has the 
strongest impact upon the orographic lift is blocking. The stagnation 
of air upwind of the mountain barrier helps to determine the primary 
lift, that streamline displacement which determines the lift at upper 
levels. As was shown, blocking did occur in the Yampa Valley upwind of 
the Park Range and, therefore, strongly affected the analysis. To ig-
nore this physical process may bring about serious errors in the result-
ing analysis and interpretation. This blocking phenomena, to some de-
gree, depends on the local topography immediately upwind of the main 
ridge. The Yampa Valley seems conducive to blocking. This is reflected 
in the surface wind observations and the rawinsonde data. Strong tem-
perature stratification in the lower layers also contributed to block-
ing and stagnation. 
A second important finding of the second case study was that even 
after all the proposed cloud components were taken into account, there 
were still discrepancies between the analysis and the observations. 
Some evidence pointed to the fact that the cloud system could have been 
invigorated by a moving mesoscale gravity wave. Whether the discrepan-
cy was due to a gravity wave or some other type of moving mesoscale 
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phenomena imbedded within the synoptic wave, the proposed explanation 
indicates that the analysis was correct to the first order of magnitude. 
If this is indeed the case, a fourth cloud component may be present 
within this storm, i.e., a cloud component associated with the detailed 
mesoscale structure of the synoptic wave. 
3.3 Case Study #3 
December 21 142 ~ December 23 142 1979 
The third case study analysis was performed on a cutoff low which 
strongly affected the area of study. Aloft, the winds became easterly 
which greatly complicated the analysis. There are several reasons, 
however, to attempt an analysis of this complicated system: i) the 
final results can be compared to the other two case studies to provide 
insight into the analysis techniques employed, ii) important facts may 
be revealed about these cutoff synoptic circulations, and iii) these 
storms do occur and are as important as one of the weather patterns 
that affects snowfall in the area. 
At 22122, two cold fronts were positioned to the west of the study 
area (Note that 22122 and all other such designations within the text 
indicate a day and hour, e.g., 122 on the 22nd. This is due to the fact 
that all rawinsonde observations were taken on the hour. Such a time 
designation provides for a short hand notation in referring to events 
within the case studies). The primary front was located in central 
Nevada and extended back to central California while a secondary front 
lie along the Washington-Oregon coast. In time, the primary front 
formed a strong surface low pressure center in central Utah by 22002. 
By 22122, the low had drifted, almost over the study area to the 
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east-southeast and deepened in southeast Colorado. As the primary sur-
face disturbance moved eastward, the secondary cold front shifted to 
the east. By 2212Z, it was located in Utah oriented north to south. 
By 2300Z, the secondary front had drifted towards western Colorado, 
weakened, and was not analyzed on this OOZ surface map (see Figures 
22a-h). 
At 70 kPa, the synoptic analysis revealed that at 2212Z, a long 
wave trough had dug down to south central Nevada, oriented north-south, 
while its upper portions lagged along the Washington-Oregon coast. 
By 22122, a deep long wave trough with its southern portions over 
Arizona and New Mexico, had formed. The center of the trough exhibited 
weak height gradients while the wind fields over the northern Colorado 
area suggested cyclonic circulation. By 002 on the 23rd, a closed low 
had formed at 70 kPa over western Kansas. At 50 kPa, the synoptic 
analysis showed that at 2212z a cutoff low had formed over the Texas 
panhandle. This circulation was evident even in northwestern Colorado. 
From this time on, the cutoff low at 50 kPa moved first to the north 
and then to the northeast. This general motion at 50 kPa was coinci-
dent with the formation of a long wave at 70 kPa and a breakdown of the 
cutoff low. This wave at 70 kPa extended from northern New Mexico to 
Michigan. As this wave was established by 23122, a ridge built to the 
west of the 70 kPa trough from southern California to Montana. The 
important features of this atmospheric disturbance are: 1) the time 
and position of the surface low pressure center as it moved past the 
study area, and 2) the formation and movement of the upper level cutoff 
low (see Figures 22a-h). 
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a. 50 kPa - 2200Z b. 50 kPa - 2212Z c. 50 kPa - 2300Z 
d. 70 kPa - 2212Z e. 70 kPa - 2300Z 
f. Surface - 2200Z g. Surface - 2212Z h. Surface - 2300Z 
Figure 22. Synoptic Charts for Case Study #3. 
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Figures 23-24 show the T, 8, and 8 fields, respectively. They all e 
indicate that cold air pooling occurred between 2300Z to 22l2Z. The 
soundings also illustrated the formation of a strong deep valley inver-
sian which points to the cold air pooling at this time. The pooling may 
have been associated with the blocking or stagnation flow as in the 
previous long wave case study. The surface wind network data did not, 
however, clearly substantiate the down valley drainage as before. The 
Mount Harris mesonet wind station elevated above the valley floor, 
measured an easterly component between 22l4Z and 2220Z,- but the Milner 
site experienced westerly winds. There seems to be no simple connection 
between down valley flow and cold air pooling at this time. Cold air 
pooling and a valley inversion was suggested by the rawinsonde data; 
but these may not have been associated with any valley scale drainage. 
The temperature analyses reveals a slow uniform cooling after the 
surface and upper level disturbances passed. The 8 field differs from 
e 
the 8 field and contains weak gradients at certain times. This implies 
the presence of moisture and potential instability as in the second case 
study. 
Figure 25 illustrates a time section of the winds as observed by 
the Craig rawinsonde. Due to the fact that this case study dealt with 
a cutoff low aloft, the wind analysis was vital in determining the form 
of the cloud system. This storm system can easily be broken into two 
wind regimes in the vertical, a lower level westerly flow and an upper 
level easterly flow. 
Prior to 2215Z, a low level blocking flow was observed. This was 
probably controlled by: 1) nighttime cold air pooling as indicated by 
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Figure 23. Time Cross-Section Analysis of Temperature for Case Study #3. For temperatures warmer 
than -20C, temperatures are analyzed every So; and, for temperatures colder than -20C, 




































-f 50 0.. 
:.::: 
" ) 294 
-'::--1i-'::-~":::::':':"- _ ;....-~ - 70 
--- -"'. ~ 
000 288 
80 
21---21 22 22 22--22 22--22 2112=------:::2'="3-----:2:1:3:-------=23 
DATE 
I ! I II! L_! 1 I I I 
14 18 00 03 06 09 12 15 18 00 06 14 
ZULU HOUR 
Figure 24. Potential and Equivalent Potential Temperature Time Cross-Section Analysis of Case Study #3. 
6 (solid lines) and 6e (dashed lines) have been analyzed every 2oC. Heavy solid lines depict 
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Figure 25. Time Cross-Section Analysis of Wind Direction and Wind Speed of Case Study #3. Wind Speeds 




wind component at 70 kPa. The 70 kPa wind apparently contributed to 
the stagnation within the valley. When the 70 kPa wind was out of the 
southwest or south, blocking occurred. When the wind shifted to the 
west and northwest, the blocking was eliminated. This seems reasonable 
when the topography of the region is taken into account (see Figure 2). 
By the veering of the 70 kPa winds in time, a frontal passage was indi-
cated at 2209Z, and the deep blocking reduced and disappeared as the 
wind shifted to the southwest. 
As the blocking or stagnation zone decreased, a low level flow was 
lifted over the barrier. Also during this time, the synoptic cutoff 
low formed to the east-southeast of the study area and established an 
easterly flow regime at upper levels. The upper level winds of the time 
section clearly illustrate this development. Consequently, after 2209Z, 
two airflow regimes existed; a low level flow which lifted air from the 
west to saturation and an upper level flow which could have lifted air 
from the east to saturation. A thorough understanding of the basic air 
flow in the vicinity of the main barrier is needed in order to under-
stand the formation of the orographic component. 
Figure 26 shows the synoptic cloud component as derived from Craig 
5 
rawinsonde data. A main body of moisture moved in at high levels begin-
ning at 2200Z. At the time of frontal passage, 2203Z, the moisture 
remained at upper levels. By the next morning, the post-frontal mois-
ture became evident in the lower levels as the blocking decreased and 
cloud bases dropped. Moisture, which was indicated between 50 kPa and 
5See the definition of the synoptic cloud component in section 2.3. 
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Figure 26. Time Cross-Section Analysis of the Synoptic Cloud Component over Craig of Case Study #3. 
Stippled area depicts the upwind, non-lifted synoptic cloud componHlt. The area between 
the surface, 80 kPa, and the solid dots depicts the blocked layer. Triangles indicate 




27 kPa after 2209Z, was advected from the east while above and below 
this layer, it was still being forced from the west. 
In order to understand how much moisture was being advected toward 
the study area at upper levels, the rawinsonde data taken over Hebron, 
which lies to the east, was analyzed (see Figure 2). Figure 27 shows a 
time section of the synoptic cloud component which formed over Hebron. 
Some of this moisture was advected over the main barrier toward the Craig 
rawinsonde (The Hebron surface pressure level is near 75 kPa). 
Figure 28 illustrates a time section of the cloud that formed over 
the Park Range with the assumption that winds at all levels had westerly, 
b . 6 trans arrler components. This assumption could produce errors which 
would invalidate the analysis. First, air from lower layers was lifted 
into a wind regime which was flowing away from the barrier, i.e., easter-
ly. Second, air which originated within the regime of easterly flow was 
also advected towards the barrier and lifted according to the lifting 
model. Third, air which was advected from the east may, in fact, have 
been lifted and saturated. These three conditions have not been 
accounted for in Figure 28. 
In order to correct for the above inaccuracies, an analysis of the 
airflow field between Craig and Hebron was performed. Figure 29 il1us-
trates cross-sections in time of the wind field at Craig, to the left, 
and Hebron, to the right. This analysis shows that at the lower inter-
face of easterly and westerly flow, the Craig winds back with height 
through 180
0 
while the Hebron winds veer with height through 00
0
• At 
6See the definition of the orographic and convective cloud components 
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Figure 27. Time cross-section analysis of the synoptic cloud component 
over Hebron in case study #3. The stippled area depicts the 
non-lifted synoptic component. The area between the surface, 
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Figure 28a. Time cross-section analysis of the unadjusted composite 
cloud system of case study #3. The area within the dashed 
line depicts t~e upwind, non-lifted cloud. The area within 
the thin solid line depicts the lifted, ice-saturated cloud. 
The area within the convoluted line depicts the lifted, 
water-saturated cloud. The area ~..rithin the heavy solid 
line depicts the radar observed cloud. The stippled area 
depicts the convective cloud component, 6e , decreasing 
"with ~eight in a water-saturated layer. The area between 
the surface, 80 kPa, and the solid dots depicts the blocked 
layer • 
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Figure 28b. Time plot of the hourly precipitation of various points 
across the barrier for case study #3. The heavy solid 
line (--) corresponds to Radar Base. The dotted-dashed 
line (--._) corresponds to False Top. The Medium solid 
line (----) corresponds to Picnic Area. The dashed line 
(- - -) corresponds to Highway Camp. The thin solid line 
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Figure 29. A detailed cross-section analysis of wind dir
ections and wind speeds as observed by Craig 
and Hebron rawinsondes during case study #3. Ivind direct
ions (degrees - not within 
parentheses) and wind speeds (m/sec - within parentheses)
 are analyzed in 2.5 kPa intervals. 
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this interface either a mesoscale mountain wave effect in the horizon-
tal caused the winds to flow out of the south at Craig and out of the 
north at Hebron, or mesoscale low pressure areas lie to the west of 
Craig and to the east of Hebron. The synoptic analysis gives no indi-
cation as to which of these possible explanations occurred. Above this 
point, the winds at the rawinsonde sites are in fair agreement. 
Figure 30 shows an isentropic cross-section analysis in time be-
tween Craig and Hebron while Figure 29 shows a detailed analysis of 
wind directions and speeds over Craig and Hebron in time. Note that 
within the easterly component at upper levels, air that flows along the 
isentropes sometimes rises and sometimes sinks as it flows from Hebron 
to Craig.
7 
From this fact is seems likely that, at times, portions of 
the cloud system could have been formed by air which travelled westerly 
from Hebron at upper levels and was lifted to saturation. 
Figure 3la illustrates the adjusted orographic and convective 
cloud components of the third case study with the upper level easterly 
8 
flow accounted for. This composite cloud system waS synthesized by 
lifting the Hebron soundings in the upper layers according to the air-
flow and isentropic analyses. This treatment of Craig to Hebron airflow 
in order to reconstruct the cloud system implies that the e surfaces 
are flat across the mountain barrier. This may be a poor assumption and 
could introduce errors in the upper levels of the synthesized composite 
cloud system. 
7This airflow lifting and sinking between Hebron and Craig my be attrib-
uted to a synoptic scale effect similar to over running air associated 
with a warm front or an upper air mesoscale effect due to the peculiar-
ity of the synoptic circulation on a smaller scale. 
8See the definitions of orographic. and convective clouu cOlilponents in 
sections 2.3 and 2.1, respectively. 
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Figure 30. Isentropic Analyses for Craig-Hebron Cross-Sections in Time of Case Study #3. Isentropes 
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Figure 3la. Time Cross-Section Analysis of the Adjusted Composite 
Cloud System of Case Study #3. The area within the thin 
solid line depicts the lifted, ice-saturated cloud. The 
area \vithin the convoluted line depicts the lifted, water-
saturated cloud. The area within the heavy solid line 
depicts the radar observed cloud. The stippled area de-
picts the convective cloud component, Be' decreasing with 
height in a water -saturated layer. The area bet,..reen the 
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Figure 31b. Time Plot of the Hourly Precipitation of Various PoLnts 
Across the Park Range Barrier for Case Study #3. The 
heavy solid line ( ____ ) corresponds to the Radar Base. 
The dotted-dashed line (--.--) corresponds to False Top. 
The medium solid line (----) corresponds to Picnic Area. 
The dashed line (---) corresponds to aighway Camp. The 
thin solid line (-----) corresponds to Columbine Lodge. 
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The agreement between the K band radar observations and the ana-
lyzed orographic component was acceptable in the lower layers where the 
cloud base dropped below ridge top, 70 kPa. The disagreement at all 
high levels, however, even after an attempt was made to account for the 
complications of deep easterly flow, can be attributed to several fac-
tors. First, this cutoff synoptic system was accompanied by a compli-
cated airflow system. Second, the soundings were generally character-
ized by temperature and dewpoint traces that were either parallel or 
slowly separating with height. This makes any lifting model critical 
in analyzing for saturation. Clearly the orographic lifting model used 
as well as the simple attempts to lift the upper levels of the Hebron 
soundings did not properly treat the actual airflow conditions. Third, 
the vertically pointing radar observed the cloud at the westerly edge 
of the barrier. Fourth, the analyzed cloud system only accounted for an 
orographic and an implied mesoscale lift which operated at upper levels. 
Synoptic vertical velocities which accompanied this complicated system 
could have easily added to the orographic cloud component since the 
moisture within the soundings was critical and only slowly decreased 
with height. Synoptic analysis of vorticity advection hinted that this 
may be the case, but no positive identification could be made. Last, 
but not least, the air that is indicated as being saturated with respect 
to ice may, in fact, not contain a "cloud". 
A comparison between the Craig and Hebron soundings for coinciding 
launches of the third case revealed that in most, but not all, cases 
the "downwind" soundings were noticeably drier than the "upwind" sound-
ings. This was true for Hebron in the lower layers, when the flow was 
from the west, and for Craig in the upper layers, when the flow was from 
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the east. This dryness within the "downwind" sounding may indicate that 
moisture was extracted as precipitation from the air as it flowed over 
the Park Range. 
Figures 28b and 3lb illustrate the observed precipitation which 
fell during this storm event. Once again, there is a sharp peak early 
in the period, then amounts fell off. The figure implies that convec-
tive showers occurred around 2220Z. No soundings were taken at this 
time and Ku radar reflectivity data could not be used to verify the 
analysis (The Ku radar had been moved to Milner for this storm. Its 
reflectivity data showed no hint of convective activity at this site). 
At l227Z, in the visual observations section in Appendix B, there is a 
significant increase of snow accumulations as elevation increases. 
This points to the presence of a true orographic precipitation compo-
nent. 
Since two wind regimes were operating, one forcing air from the 
west and another forcing air at higher levels from the east, it is 
possible that ice crystals blowing from the east could have fallen in-
to the lower cloud layers which were being formed from the low level 
flow. A simple calculation using the mean wind speeds in the easterly 
flowing air from Hebron and an assumed crystal fall valocity of 
0.5 m/sec, revealed that crystals falling from these upper layers could 
have entered the lower cloud layers and westerly wind regime near 
Milner. Here the ice crystals could have been caught up into the cloud 
system and provided for a self-seeding mechanism. As mentioned above, 
this type of cloud system which seeds itself is sometimes referred to 
as a "seeder-feeder" system. 
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Visual observations of this third cloud system did help in recon-
structing the storm progression but they did not greatly explain the 
complexities of this system. At l400Z on the 21st, skies were broken 
at Craig as the storm began to move in. By 1630Z, a few hours later, 
a widespread orographic cloud deck was reported over the Park Range 
with no convection observed. At 0013Z on the 22nd, aircraft observa-
tions documented some patchy scud clouds over the area with a higher 
cloud layer all the way up to 25,000 feet or so. Snow began to fall 
at Steamboat Springs at 0850Z on the 22nd. By l227Z on the 22nd, one-
half inch of snow had accumulated at }lilner, one inch at Steamboat 
Springs, and one and one-half inches halfway up the ridge. Snow con-
tinued to fall in the area through 1400Z on the 23rd. Further detailed 
visual observations can be found in Appendix B. 
3.3.1 The Main Findings of the Third Case Study 
This closed low case study supported findings from other cases 
that revealed important relationships between the migratory wave and 
the components of the total cloud system: 
1) The moisture moved in at high levels and then deepened after 
the low pressure center, at the surface and aloft, had passed. 
2) Some of the moisture at the highest levels, later in the storm 
period, had been advected from the east due to the easterly wind regime 
established by the upper air disturbance. 
3) The composite cloud formation was delayed until the 70 kPa 
winds, moisture, and cold air pooling provided for a circulation which 
eliminated blocking and provided for lifting and saturation. The r.old 
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air pooling was weakly supported by surface airflow and to a greater 
extent by the presence of a nocturnal valley inversion. 
4) In this storm, the cloud over the ridge was formed by two 
different wind regimes; a low level orographic lift, and an upper air 
mesoscale lift. 
5) Even after all orographic and mesoscale lifting had been con-
sidered, the analyzed orographic component could still not be matched 
to radar observations. This may be due to inaccurate lifting models, 
inability to include synoptic vertical velocities, errors in specifying 
whether a cloud is present or not, or the difficulties associated with 
analyzing a disorganized atmospheric system. 
6) The complicated east-west wind regime associated with the syn-
optic storm circulation, which formed this cloud system, may have 
created a "seeder-feeder" cloud system. The cloud blowing from the 
east, aloft, may have fed the lower cloud layers, which were formed as 
air was topographically lifted from the west, with ice crystals. 
7) "Downwind" soundings tended to be drier than "upwind" sound-
ings. This indicates that precipitation and the removal of moisture 
occurred between the two rawinsonde sites. 
8) The convective component occurred in the lower levels which 
was within the westerly wind regime and was orographically lifted. 
9) The form of the convective component during the trough passage 
was very similar to the other case studies u 
10) The convective component occurred fairly early in the storm 
period and the greatest amount of instability developed with respect to 
the orographic cloud that formed after the disturbance passed. 
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11) All of the instability associated with the early portions of 
this storm existed potentially at 2l00Z and after. It" was released 
after an orographic component was formed by condensation of this poten-
tially unstable air. 
12) The instability was not caused on a large scale by the synoptic 
scale disturbance. 
13) The precipitation record at times suggested the presence of a 
showery, convective precipitation component, while at other times, a 
steady, orographic precipitation component was suggested. 
3.3.2 Important Conclusions from Case Study #3 
Once again the upwind blocking significantly affected the cloud 
system. During the field experiments of CaSE I and CaSE II, the block-
ing phenomena was observed fairly regularly in the Yampa Valley. In 
this region at least, it is very important to attempt to measure the 
amount of blocking and account for its effects. 
As illustrated in the third case study, the type of lifting model 
is not only critical when the moisture slowly decreased with height, but 
also when the general airflow in the vicinity of the ridge is not uni-
form. Strong wind direction changes with height complicated the lifting 
model and only very rough approximations of lifting could be made which 
yielded less than perfect agreement between the analysis and the obser-
vationso 
89 
CHAPTER IV SUMMARY AND CONCLUSIONS 
This study has focused upon the mechanisms by which mountains and 
synoptic weather systems interact to produce characteristic orographic 
cloud systems. Case studies were constructed from rawinsonde data, 
radar data, visual observations, surface winds, temperature, and precip-
itation observations and synoptic analyses. These cloud systems were 
described with respect to three principle air motion components of which 
they were comprised: synoptic, orographic, and convective components. 
The three storm systems studied were quite different in the sense 
that each represented a different type synoptic scale: short wave, 
long wave, cutoff low. This was fortunate in that the analysis methods 
could be applied to different types of storms so that their different 
structure could be envisaged. It was, however, unfortunate in that 
analyses of similar type storms could not be made to document the varia-
bility within storm types. All three storms studied possessed some de-
gree of convective instability, and in all cases, the presence of upwind 
blocking was important to the topographic lift. Other similarities in-
clude storm tracks that provided wind flows which produced favorable 
orographic lift, and all three storms produced significant precipitation 
for the Park Range. 
In terms of climatological distribution, the storms analyzed in 
this study did not represent the most frequen.t storm type that produces 
the highest percentage of precipitation which falls in the Steamboat 
Springs area. Storms similar to that of case study ifl, however, do 
produce the greatest amount of precipitation per storm event. 
90 
Precipitation at Steamboat Springs is characterized as being fairly 
light and occurring at frequent intervals. This is illustrated by the 
fact that .3 inches of precipitation or less fell 011. 80% of the days 
which produced snowfall at Steamboat Springs during the past ten years. 
The storm systems which produce greater amounts than the .3 inches of 
precipitation per storm event are important in that even though they are 
fairly infrequent, a lack of such events may result in seasonal snowfall 
deficiencies. This is what happened during the drough years of 1976-
1977 throughout the entire state of Colorado. 
The climatology of mountain precipitation as given by Grant, ~ aI, 
(1974) indicates a strong diurnal precipitation maximum between midnight 
and 7:00 a.m. local time. Four of the five largest precipitation peri-
ods during the three case studies also indicated this nighttime maxim. 
It appears that the synoptic disturbances passed through the study area 
during the early evening hours, but it is difficult to believe that even 
in the climatological averages, the synoptic storms completely control 
the early morning precipitation maxima. It can be hypothesized that as 
the air continues to cool in its diurnal cycle, it is unable to hold as 
much water vapor as it could at warmer daytime temperatures. Another 
explanation may be that as air is cooled in its diurnal cycle, downslope 
valley winds converge with inflow air from the west and an effective 
lift is realized due to convergence in the valley upwind of the main 
barrier. 
4.1 Hajor Findings 
The important findings in this study are: 
1) Wintertime cloud systems over the Colorado Rockies are formed 
by vertical velocity components that, in turn, are generated by very 
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different physical processes. Synoptic scale velocity components are 
determined by differential vorticity advection and airmass lifting by 
frontal systems. Orographic vertical velocity· components are determined 
by stable airflow that is forced vertically by the topography. Convec-
tive vertical velocity components are determined by the release of con-
vective instability as layers of air are lifted to saturation. These 
vertical air motions combine constructively and destructively in time 
to produce the individual characteristics of each cloud system. 
2) It is significant that the second case study cloud system may 
have been invigorated by a mesoscale disturbance associated with the 
synoptic storm structure. Rhea, et al., (1969) and Furman (1967) have 
made radar observations in the Colorado Rockies similar to those made in 
this study. They both concluded that the observed radar characteristics 
were due to convective activity organized into banded structures. The 
banded zones of higher radar reflectivity as observed in 1967, 1969, 
and 1979 may be attributed to a moving mesoscale phenomena. In addition 
to the radar studies, weak gravity Waves have been observed within cloud 
systems over the San Juan Mountains of Colorado (Marwitz, 1980; Cooper 
and Saunders, 1980). All of these observations imply that, at times, a 
fourth cloud-forming component is also important. 
3) Barrier blocking was very important in determining the oro-
graphic component of the lift and the depth of the "liftedH cloud. 
Blocking or stagnation occurred in conjunction with nighttime cold air 
pooling, nocturnal valley inversions, weak surface winds, and cross-
valley airflow out of the southwest at 70 kilopascals (kPa) that pre-
vented efficient channeling and forcing of the lm.;er elevation ,.;inels into 
the Yampa Valley and over the Park Range barrier. Neglecting this 
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physical process can lead to serious analysiS errors. 
4) The lifted cloud analysis was sensitive to the type of lifting 
model employed. In a sense, the temperature and moisture profiles 
determine the potential for saturation. When the moisture slowly de-
creased with height, the physical synoptic cloud was difficult to iden-
tify and the model used to lift the sounding became critical in defining 
the depth of the "lifted" cloud. When the moisture sharply decreased 
with height, as at a subsidence inversion, these two problems were 
eliminated. 
5) Synoptic storm track, large scale vorticity, moisture and 
temperature advection, travelling mesoscale phenomena associated with 
cyclonic waves, synoptic and topographic forcing of wind direction and 
speed, vertical structure of temperature and moisture, cold air pooling, 
nocturnal valley inversions, blocking, stagnation, and orographic lift 
a1l combine in time to define the actual orographic cloud. The timing 
and interaction of these physical processes determine the formation and 
behavior of the complete cloud system and define how the local mountain 
terrain and environment interacts with synoptic weather patterns to pro-
duce each characteristic orographic cloud system and the accompanying 
precipitation. 
4.2 Additional Findings 
1) Various cloud components occurring within these winter oro-
graphic storm systems were deduced from rawinsonde analysis, physical 
reasoning, and vertically painting radar data. Case studies based on 
radar observations or thermodynamic analysis alone, however, leads to 
erroneous conclusions or incomplete descriptions with respect to 
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dynamical and microphysical processes which occur within the cloud 
systems. 
2) Both spring and fall 1979 sounding data sets indicate that most 
cloud systems that formed over the Park Range of Colorado experienced 
only a small degree of instability that was responsible for convective 
vertical velocity motions. Therefore, microphysical processes associated 
with convective motions were not of primary importance within these cloud 
systems. 
3) Because the lifted cloud analysis was so sensitive to the upwind 
profiles of wind, temperature, and moisture, rawinsonde operations and 
data reduction should be closely monitored to maintain the highest stan-
dards of quality. 
4) The case study method serves as a valuable tool in describing 
the important physical properties of cloud systems and the mechanisms 
by which they are produced. This approach, however, requires detailed 
observations in time of thermodynamic and microphysical properties. 
Radar as well as visual observations are fairly continuous in time. 
Rawinsonde observations, on the other hand, are restricted in time by 
the preparation of the instrument package, the ascension time of the 
balloon, and the initial data reduction. Since the preceding operations 
can be performed in 2 to 2 1/2 hours, serial rawinsonde launches at 
intervals of no more than every 3 hours are recommended for a reasonnbly 
detailed characterization of cloud systems in a case study format. 
5) The K band radar analysis of cloud top agreed "lell with the 
analysis methods used in the first case study except when the air, as 
depicted by the analysis, was saturated with respect to ice at extreme 
altitudes, but no "cloud" was "seen" by the radar. Most of the time, 
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the Ku radar was found to underestimate the cloud tops of both the K 
band radar and the analysis. The K band radar was more sensitive than 
the Ku band radar because it was capable of defecting a lower threshhold 
of "c1oudll • When the Ku radar indicated cloud tops substantially higher 
than the analysis indicated, however, as in the second case study, it 
was inferred that the discrepancy was due to the deficiencies of the 
analysis to indicate convective turret cloud tops or discriminate a meso-
scale gravity wave disturbance which invigorated the composite cloud 
system. 
6) In the first case study, it was hypothesized that ice crystals 
fell from a layer of conditional instability into the dendritic crystal 
growth region centered on the -ISoC isotherm and that this accounted for 
a zone of higher radar reflectivities observed at this time. A detailed 
crystal trajectory analysis and a complete cross-sectional analysis 
would have to be performed in order to verify this hypothesis. 
7) In the second and third case studies, it is also hypothesized 
that these storms could have had a "self-seedingl1 mechanism operating. 
Again, a detailed crystal trajectory analysis would have to be performed 
to substantiate the hypothesis. 
8) Visual observations upwind of the main barrier tended, in all 
cases, to validate the use of the defined ice-saturated cloud for non-
lifted soundings, although the extent of the analyzed cloud overestimated 
the visually observed cloud. This was expected, however. 
9) Approximately 17 percent of the time, a purely "orographic" 
cloud did form when no upwind synoptic cloud was indicated by the rawin-
sonde analysis or visual observations. This indicates that a synoptic 
cloud component produced by synoptic scale vertical velocities is not 
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necessary to the formation of these wintertime cloud systems. 
10) The low level winds upwind of the main barrier were not always 
the only dominant controlling airflow in the fo'rmation of the composite 
cloud system. As was noted in the last case study, upper atmospheric 
synoptic or mesoscale circulations may have a strong influence in lift-
ing air to saturation from any direction. 
11) In all cases, the composite cloud thickened while the bases 
dropped below ridge top level in response to the synoptic disturbance 
passage. 
12) The convective potential instability analysis (o6 e /oZ < a in 
a saturated layer) can be properly used to identify the instability 
responsible for the convective vertical velocity cloud component. This 
conclusion is supported by the fact that the strongest vertical velocity 
components, as deduced from the stability analysis, were accompanied by 
high radar reflectivities and radar "cloud tops" that were cellular in 
nature. In contrast, the radar data taken when the instability was not 
as deep or as strong was characterized by high reflectivities embedded 
within a cloud mass which was non-cellular. The maximum radar reflec-
tivity observed in any of these storms was 25 dBz. 
13) The cloud system of case study #2, at times, existed in an 
unstable airmass. This illustrates the fact that some cloud systems 
that formed over the northwestern Colorado Rockies can generate convec-
tive vertical velocity components. These orographic systems may support 
a completely different microphysical regime than most of the stable 
orographic types that are common to this continental mountainous area. 
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CHAPTER V RECOMMENDATIONS FOR FURTHER RESEARCH 
The type of case studies performed here provides insight into the 
workings of orographic cloud systems. Advances need to be made in de-
fining various physical processes that control orographic clouds: 
specifically, complexities that relate vertical displacement of an air-
flow as a function of topography and stability, lifted and non-lifted 
cloud formation, and blocking and stagnation as defined from rawinsonde 
data. 
More detailed studies of the physical interactions between the 
various lifting processes which contributed to cloud formation over 
mountainous terrain are necessary for a proper understanding of oro-
graphic cloud systems. Future research should focus on the mechanisms, 
locations and times that the various vertical motion components inter-
act to form cloud systems. Satellite data may be of some help in making 
some of these determinations. Care must be taken to choose the proper 
radar system, its location, and the mode of operation. 
More work needs to be done in the area of detecting and analyzing 
mesoscale gravity wave formation and propagation. Radar observations, 
in both the PPI and vertically pointing modes, can be used to study how 
gravity waves propagate and how they physically influence pre-existing 
cloud systems. 
The most important parameter to be understood is the precipitation 
that forms as a consequence of the interactions between the various 
orographic cloud components in time and space. Perhaps a combination 
of accurate, qualitative cloud descriptions, microphysical data which 
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can be used to infer precipitation formation, and crystal trajectory 
calculations may reveal an answer to this difficult question. 
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APPENDIX A 
In order to compare layer conditional instability and layer pot en-
tial instability, the first stability analysis method must be defined 
in the normalized form called static stability. 
E dry -giT (r - r ) environment dry adiabatic 
Esaturated -g/T (renvironment - rsaturated adiabatic) 
(Saucier, 1955) 
The static stability normalizes the layer conditional instability 
by multiplying it by g, the acceleration of gravity, and dividing by 
the mean temperature in the layer. Other than these normalizing quan-
tities, the static stability is nothing more than layer conditional 
instability. 
e = T (P Ip)K 
o 
de/dZ = (P IP)K aT + T a(Po/P)K 
o az az 
d8/dZ (P /p)K+ T [ a(Po)K p _ (P )K apK ] o az 0 . 37. 
p2K 
de/dZ (PO/P)K ~~ + T [_ ~)K {P Ip)K 
o 
de/dZ (P IP)K aT + T [-
KP K - l ap/az 
(P IP)K] 
0 az pK 0 
d8/dZ (P Ip) K 
aT + T [_ ~ (P /P) K 2R. ] 
0 az P 0 az 
de/dZ T(P Ip)K 
aT ap T(P Ip) K ~ = (lIT az - Kip n) e = 
0 o az 
K = RIc P = pRT 
P 
de/dz 




E = g/e -- = -g/T 
dry dZ 
(r - r ) 
environment dry adiabatic 
It is tempting to carry this analogy over to the saturated case 
by equating l/e ae /az, a normalized layer potential instability, to 
e e 
E (similar to Fraser, et a1., 1973). 
saturated 






l/e ~ = l/e [ (Lw ) de d (Lw )] e dZ e exp cpT dZ + e dZ exp CpT 
lIe ~ = l/e (Lw ) ~ + e (Lw ) d Lw] e dZ e [exp c T dZ exp c T dZ c T 
P P p 
l/e ~ = l/e (e l/e de + e d LW) 
e dZ e e dZ e dZ c T 
P 
g / e ~ = E + g ddz Lw e dZ dry c T 
p 
Esaturated = -g/T Crenvironment - rsaturated adiabatic) 
de 
glee dZ~ does not equal Esaturated· 
The layer potential instability is composed of Ed and the ry 
vertical gradient of latent heat. The first component is that part of 
the instability which is governed by the rules of layer conditional 
instability. The vertical gradient of latent heat, on the other hand, 
may also effect the sign of the layer potential instability. If this 
gradient happens to be more negative than Ed is positive, the layer ry 
potential instability will be negative. This indicates that the layer 
will become convective if it becomes saturated. Clearly E , saturated 
:~ 
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or layer conditional instability alone cannot properly take the verti-
cal gradient of latent heat into account as the layer is in a state of 
becoming saturated. Layer conditional instability, as well as layer 
potential instability, is conditional upon moisture in the sense that 
the layer must be cooled to saturation before the instability can be 
realized. However, layer potential instability depends upon the 
initial temperature and moisture gradients before and while the layer 
is becoming saturated. Layer conditional instability is only dependent 
upon the initial temperature gradient. 
A potentially unstable layer will become convective, because, as 
the layer is lifted dry adiabatically, the base of the layer will be-
come saturated first, due to the moisture gradient within the layer. 
Then the layer base will cool moist adiabatically. As the layer is 
lifted further, the top of the layer continues to be cooled dry 
adiabatically until saturation, at which point it also cools moist 
adiabatically. The initial moisture gradient can steepen the lapse 
rate because of differential adiabatic cooling within the layer as it 
becomes saturated. When the lapse rate is driven past the saturated 
adiabatic value, the layer becomes conditionally unstable, 
r < r < r Therefore, the lapse rate of the 
saturated layer dry adiabatic· 
layer has been altered by the original moisture gradient as lifting, 
differential adiabatic cooling, and saturation has occurred. These 
are the processes inferred by applying the layer potential instability 
analysis method (Saucier, 1955; Hess, 1959). 
As was stated before, airmass stretching may alter the lapse rate 
within a layer, but now, layer potential instability describes how the 
lapse rate can be changed by the initial temperature as well as 
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moisture gradients within the layer as it is lifted over the mountain 
barrier. In order to illustrate the effect of the temperature and 
moisture gradients in determining the differences between layer condi-
tional instability and layer potential instability, an analysis was 
performed upon atmospheric layers of varying degrees of instability. 
An arbitrary layer base was chosen and various layer tops were chosen 
which represented the layer conditional instability classes of abso-
lutely stable, and conditionally unstable. The change of equivalent 
potential temperature with height was calculated for each layer with 
varying moisture gradients so that the two stability analyses could be 
compared. The indicated stability represents the condition of the 
layer after being lifted to saturation. 
From Tables V and VI, it can be seen that layer potential 
instability agrees with layer conditional instability in the most 
unstable classification. (Both methods will indicate instability 
under absolutely unstable conditions.) Layer potential instability, 
however, will attribute some instability to layers that would be 
classified as absolutely stable by layer conditional instability. 
This instability of apparently absolutely stable layers is brought 
about by the vertical gradient of latent heat which is present in the 
layer. Layer conditional instability is unable to identify this 
moisture effect. 








